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This baseline health risk assessment evaluates the potential human health risks associated 

with exposure to chemicals at the McKesson site in Santa Fe Springs, California The 

baseline health risk assessment was prepared in a manner consistent with USEPA's JQ& 

sessment Guidance for Su~erfuad Volume I (USEPA, 1989a) and Gui- for 

establish in^ Tareet Cleanu~ Levels for Soils at Hazardous Waste Sites (USEPA, 1988b) and 

Cal-EPA's (formerly the California Department of Health Services) draft Scientific and 

Technical Standards for Hazardous Waste Sites (Cal-EPA, 1990). The key elements of this 

document are summarized below. 

Chemicals of Concern 

For the purposes of the risk assessment, the former "high activity" areas of the site are 

segregated into three areas: Area A (the railroad spur), Area B (the solvent storage area) 

and Area C (corrosive/oxidizer area). Any chemical detected in greater than 5% of the soil 

samples taken from these areas is considered a soil chemical of concern. This selection 

criterion yields twelve soil chemicals of concern which are quantitatively evaluated in this 

assessment. It is known that upgradient contamination has contributed to the presence of 

chemicals in groundwater at the McKesson site and downgradient from the McKesson site. 

Since the degree of contribution of on-site vs. off-site activities to the presence of chemicals 

in groundwater has not yet been assessed, it is not yet possible to establish the site-related 

health risks associated with groundwater. Nonetheless, health risks associated with 

groundwater exposure are assessed using existing groundwater concentrations. 
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osed Po~ulations and ExDosure Pathwavs 

Based on a consideration of the current site conditions, potential future uses of the site 

property, and the known fate and transport characteristics of the chemicals of concern, the 

following exposure pathways are assessed for a future on-site residential and future on-site 

occupational exposure scenario: soil ingestion, dermal contact with soil, and vapor 

inhalation. Site data are used to establish representative soil concentrations for assessing 

exposure via direct soil contact (soil ingestion and dermal contact) and as input to the vapor 

emission models. The impacted aquifer at the McKesson site is not currently used as a 

drinking water source and will likely not be used as such in the foreseeable future due to 

elevated concentrations of total dissolved solids. Accordingly, on- and off-site incidental 

residential exposure to groundwater via ingestion and dermal contact (for example, if the 

aquifer were used as an irrigation source) is assessed to determine the risks associated with 

groundwater under current conditions. In order to ensure that groundwater related health 

risks are not under-estimated, the maximum detected chemical concentrations in any on-site 

or off-site well are used as representative groundwater concentrations. Age-specific 

exposure estimates (children and adults) are incorporated into the residential and 

occupational exposure scenarios. Where applicable, suggested regulatory default values of 

con taminant concentrations and exposure estimates are used to assess uptake in order to 

approximate a "reasonable maximal scenario." Although off-site populations could 

theoretically be exposed to site-related chemicals via vapor inhalation this pathway is not 

quantitatively evaluated because the distance between on-site vapor emission sources and 

off-site populations is such that significant exposure to site-related vapors is unlikely to 

occur. 
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Health Risk Estimates 

Soil Exposure Pathways 

For the soil pathways of exposure (vapor inhalation, soil ingestion, and dermal contact with 

soil), the total noncancer hazard indices (including all chemicals) are 1.0 or less for residents 

and workers. These results suggest that the soil cbemicals of concern do not pose a 

significant noncancer hazard, according to the assumptions used in this assessment. 

Estimated increased cancer risks are 8 x 10d and 2 x lU5 for the occupational and on-site 

residential scenarios, respectively. These estimated cancer risks are well within the range 

of increased cancer risks that have typically been considered "insignificant" for large 

populations at both the State and Federal levels. 

Groundwater Exposure Pathways 

For the groundwater pathways of exposure (incidental dermal contact and ingestion), the 

hazard indices range from 0.1 (dermal contact by adults) to 11.0 (ingestion for children). 

The estimated increased cancer risks are 3 x lo-' for incidental groundwater ingestion and 

1 x 104 for incidental dermal contact. While these estimated risks and hazard indices 

exceed levels that have typically been considered "acceptable" by regulators, it is not yet 

known to what degree site-related chemicals contribute to these estimates. 

Uncertainty Analvsis 

The conservatism present in the above estimates is quantitatively evaluated using a Monte 

Carlo analysis of probability distribution frequencies, rather than 'point" default estimates, 

to describe a reasonable range of values for each exposure parameter. This uncertainty 
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analysis demonstrates that the health risk estimates derived for the "reasonable m;urimal 

scenariow are actually orders of magnitude greater than the health risks posed to a 

significant fraction of the potentially exposed populations. Hence, the uncertainty analysis 

quantitatively codinns that there is a large degree of conservatism in the health risk 

estimates estimated for the 'reasonable maximal scenario." 
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1.0 INTRODUCTION 

This health risk assessment has been prepared on behalf of the McKesson Chemical 

Company (McKesson), a former division of McKesson Corporation. The assessment fulfills 

the requirements for a baseline risk assessment of McKesson's Santa Fe Springs site as 

described in Consent Agreement Number 89190-07 executed on January 9, 1990. The 

assessment has been prepared in a manner consistent with the California Environmental 

Protection Agency (Cal-EPA) (formerly the California Department of Health Services) 

guidance document draft Scientific and Technical Standards for Hazardous Waste Sites (Cal- 

EPA, 1990), the United States Environmental Protection Agency (USEPA) Risk Assessment 

Guidance for Su~erfund. Volume I Human Health Evaluation Manual (Part A) Interim 

Final (USEPA, 1989a), and the USEPA7s Guidance for Establishing Tareet Cleanu~ Levels - - 

for Soils at Hazardous Waste Sites (USEPA, 1988b). The document also incorporates input 

from Cal-EPA regarding the scope and technical approach of the assessment. 

The purpose of this baseline risk assessment is to assess the nature and extent of potential 

human health risks associated with current conditions and potential future uses of the 

McKesson site in Santa Fe Springs, California. McKesson operated a bulk chemical 

repacking facility at the site from 1976 until its closure on November 1, 1986. Solvents, 

hydrogen peroxide, and corrosive chemicals were stored in both aboveground and 

underground tanks and piped to packaging areas as needed. Bulk chemicals were 

transported to and from the facility by rail and by truck. Finished products were generally 

transported from the facility by truck. At the time of closure, all tanks were emptied. 

Previous investigations have demonstrated the presence of petroleum hydrocarbons and 

volatile organic chemicals in site soil and groundwater (HLA, 1990). Currently, the facility 
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stands dismantled; no aboveground tanks or equipment are on the property, and the 

pavement and buildings remain intact. 

This assessment quantitatively evaluates the potential health impacts assodated with human 

exposure to chemicals measured on- and off-site. Soil and groundwater data collected 

during the 1990-1991 remedial investigation are used to establish representative contaminant 

concentrations. Where appropriate, environmental fate and transport models are used to 

estimate ambient air concentrations of volatile chemicals and potential migration of site- 

related chemicals from soils to groundwater. 

Current USEPA and Cal-EPA guidance suggests that it is appropriate to consider a 

"reasonable maximal exposuren when assessing the health risks associated with exposure to 

environmental contaminants. A reasonable maximal exposure (RME), as defined by the 

agencies, is assessed by using "upperbound" values wherever possible to represent 

environmental contaminant concentrations and exposure estimates. Specifically, the agencies 

suggest the use of the 95th percent upper codidence Limit of the arithmetic mean of the 

measured contaminant concentrations and the 90th or 95th percentile value of the reported 

estimates of contact rate and duration (e.g., soil ingestion rates, breathing rates, etc.). As 

has been discussed extensively in the literature, the major shortcoming inherent in this 

approach is that repeated use of upperbound values throughout an exposure assessment is 

more likely to result in an unrealistic "worst-case" estimate rather than a "reasonable 

maximum" (Whipple, 1986; Harrington and Maxim, 1984; Maxim, 1989; Paustenbach, 1989; 

Nichols and Zeckhauser, 1988). As an alternative, several recent papers have suggested that 

health risk assessments would be much improved if probability distribution frequencies 

(PDFs) (in addition to the standard RME approach), rather than "point" exposure estimates, 

were incorporated into the exposure assessment process (Paustenbach, 1990; Finkel, 1990). 

Instead of single values to represent chemical concentrations and exposure estimates 
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(thereby deriving a single value as the dose estimate), a range of measured chemical 

concentrations and reasonable exposure estimates are used to develop a range of chemical 

doses and their associated probabilities. In this assessment, some of the key exposure 

pathways are evaluated using PDFs (in addition to the standard RME approach) to provide 

more reasonable estimates of exposure and to assess the degree of conservatism associated 

with the use of the default assumptions. 

The remainder of this document is organized into the following sections: 

Section 2.0 Site Characterization - the history of the site and characterization of soil and 

groundwater are discussed in this section 

Section 3.0 Identification of Chemicals of Concern - the rationale(s) for selecting the 

chemicals of concern for soil and groundwater are presented in this section. 

Section 4.0 Exposure Assessment - the exposure assumptions and equations used to assess 

contaminant uptake are presented in this section. 

Section 5.0 Environmental Fate and Transport Modeling - the fate and transport 

methodology used to estimate emissions of volatile contaminants from soil and the resultant 

ambient air concentrations are discussed in this section. 

Section 6.0 Toxicity Assessment - a brief summary of the toxicity of each chemical of 

concern as well as the toxicity values used to characterize risk is presented in this section. 

Section 7.0 Dose Calculations and Health Risk Estimates - the contaminant doses and 

associated health risks are calculated in this section 
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Section 8.0 Risk Characterization this section interprets the magnitude of the estimated 

health risks with respect to typically "acceptable" levels and provides a quantitative 

evaluation of the degree of conservatism in the health risk estimates. 

Section 9.0 References. 
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2.0 SITE CHARACI'ERIZATION 

This section briefly reviews the site settings and conditions that are relevant to risk 

assessment concerns. The information in this section is excerpted from the Harding Lawson 

Associates (HLA), Remedial Investigation, McKcsson Corporation Property (1992). 

Additional detailed information concerning the current site conditions may be found in this 

document. 

The former McKesson facility is at 9005 Sorenson Avenue in the city of Santa Fe Springs, 

Los Angeles County, California (Figure 2-1). The site is fenced and occupies approximately 

4 3  acres in an industrialized area. Three homes are approximately one quarter of a mile 

southwest of the site. The site is bounded on the east by Sorenson Avenue, on the south 

by Fontaine Trucking Equipment Center, on the west by a small agricultural field, and on 

the north by an unlined drainage channel and Angeles Chemical Company. 

The facility was divided into four areas for the purpose of chemical packaging. Each section 

is delineated by berms. At the time of closure, all the tanks were emptied. In November 

1990, the aboveground storage tanks were dismantled. Three buildings currently remain 

empty on the property, which include the main building (containing the office, warehouse, 

and packing and storage area) and two yard offices. The site also contains truck scales, a 
truck pit, loading platforms, and a drum wash shed. The majority of the site is paved, with 

the exception of a lawn and planter area near the main office and the bermed solvent 

aboveground storage tank areas. The site also contains a hazardous waste drum storage 

area, which is bermed, paved, and covered and has undergone closure under Resource 

Conservation and Recovery Act (RCRA) regulations. 
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2.1 Site History 

Historic land uses were reviewed by studying available aerial photographs obtained at the 

Fairchild Aerial Photography Collection, at Whittier College, and from Aerial map 

Industries, Santa Ana, California. The time period examined was from 1927 to 1974. The 

site was undeveloped from 1927 until McKesson constructed their facility. 

Railroad tracks were visible along the northern property boundary as early as 1927. 

Activities in the surrounding area included agricultural, primarily to the north, and oil 

production to the south of the site. 

Industrial activities expanded into the general vicinity by 1965. The railroad spur west of 

the site is visible in 1970. 

Beginning in 1976, McKesson utilized the Santa Fe Springs facility for packaging bulk 

chemicals. The facility ceased operations on November 1,1986. The property is leased by 

McKesson from Harvey and Joseph Sorkin, Seymour Moslin, and Paul Moslin. 

2 3  Facility Operations 

Chemicals were stored in both aboveground and underground tanks and piped to packaging 

areas as needed. All processes were done by batch in aboveground tanks. Organic solvents, 

glycol, sulfuric acid, hydrochloric acid, acetic acid, sodium hydroxide, and potassium 

hydroxide were handled on-site. 



BASELINE RISK ASSESSMENT 
McKESSON-SANTA FE SPRINGS 
October 26,1992 
Page 2 - 4 

2 3  Soil and Groundwater Characterization 

Tbe McKesson site is located on the Santa Fe Springs Plain of the Los Angeles Coastal 

Plain. The Santa Fe Springs Plain generally dips to the northeast in this area Prominent 

area features include the Puente and Coyote Hills to the northeast, east, and southeast and 

the San Gabriel River to the west of the plain. In the vicinity of the site, the Santa Fe 

Springs Plain consists of Pleistocene alluvium of the Lakewood Formation. The formation 

unconformably werlies the San Pedro Formation Local geologic and hydrogeologic 

investigations have been conducted at the McKesson site and nearby sites. Shallow, near- 

surface materials underlying the site consist predominantly of silty sand, with minor amounts 

of silt and clay. Poorly sorted, fine- to coarse-grained sand (locally with gravel) underlie the 

fine-grained surficial deposits from depths between 15 and 25 to 30 feet bgs. This upper 

sand zone is interpreted to be the Gage Aquifer which is stratigraphically positioned at the 

bottom of the Lakewood formation. Groundwater was not encountered in this unit except 

in the northeast corner of the site for a limited time in the aboveground solvent storage 

area. Below the upper sand unit a zone of discontinuous silt, clay, and silty sand units are 

encountered to depths of approximately 45 to 50 feet bgs. Beneath this zone of 

discontinuous units, a fine- to medium-grained sand is present. This sand unit, referred to 

as the aquifer sand, is continuous across the site and is approximately 75 feet thick, 

extending to depths of 126 feet bgs. This aquifer sand is water-bearing, (groundwater being 

encountered at depths between 48 and 50 feet bgs), and is interpreted as being the 

Hollydale aquifer, the upper-most aquifer of the San Pedro formation. 

2.4 Preliminary Investigations 

Preliminary investigations of site soil and groundwater in 1984, 1986, and 1989 were 

conducted at the request of Cal-EPA. Soil and groundwater sampling locations for these 
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previous investigations may be found in Figure 4 of the Remedial Investigation. In 1984, 

McKesson conducted two investigations of the Santa Fe Springs facility. The first 

investigation involved shallow subsurface sampling in the aboveground solvent storage area 

to depths ranging from 1 to 6 feet. In addition, one surface water sample was collected 

from water in the diked storage area. The analytical results, summarized in Table 2-1, 

indicate that volatile organic chemicals were detected in the soil samples. The surface water 

sample contained glycols, butyl cellosolve, and ethanols. The second investigation involved 

subsurface soil samples collected from the corrosive chemicals storage area at approximately 

05 and 1 foot below ground surface. The samples were analyzed for USEPA Extraction 

Procedure (EP) Toxic compounds. Analytical results, presented in Table 2-2, demonstrate 

that EP Toxic compounds were not detected. 

In 1986, McKesson conducted another investigation in the aboveground solvent storage area. 

Soil and groundwater samples from soil borings and groundwater monitoring wells were 

collected and analyzed for volatile organic chemicals, nonhalogenated volatile organic 

chemicals, and polynuclea. aromatic hydrocarbons. The analytical results, presented in 

Table 2-3, indicate that volatile organic chemicals and petroleum hydrocarbons were 

detected in both soil and perched groundwater. 

In 1989, Harding Lawson Associates (HLA) conducted an investigation in the vicinity of the 

hazardous waste drum storage area in which soil samples were collected at approximately 

0.5 foot below ground surface. The samples were tested for pH, glycol, volatile organic 

chemicals, and semivolatile organic chemicals. Analytical results, presented in Table 2-4, 

indicate that the soil contained relatively low concentrations of tetrachloroethene and 

trichlorethane underlying the drum storage area. 



TABLE 2-1 

McKesson Environmental Data 
June 1- 

Soil 

Dotin No. - B-2 - E2 8-3 - 8-3 - B-3 - 84 
Dcptb (n) 1 3 6 1 3 6 1 

E9 &i M 
3 6 3 

Acetone SO ND 1.5 0.80 ND 0.24 7.0 ND ND 0.03 

2-butaone (MEK) 36 ND ND ND ND 2.10 ND ND ND ND 

Methykm chloride NO ND ND ND ND 1 .I ND ND 25 0.10 

3 Boles: 
Samples B-2, B-3. and B-4 were collected from Abweground Solvent Storage area; Sample B-5 was collected from unlined drainage ditch. 0 
mg/kg = milligrams per kilogram 

H 3 ND = Not detecled; available information indicates that deteclion limits are variable. K 
o * Data Source: M c K e m  Environmental Services (1984a) 
UI 



TABLE 21 



TABLE 2-2 

Soil 

Y-BHC (036) ( O W  (026) (026) ( O W  

Barium 

cadmium 

Chromium 

Lead 

Metruly 

Selenium 

Silver 

Sampks collected h m  colmrive nongt uu 
Smpks a m l p d  for EP toxic compounds 
mg/Jrg = rnlllipms per kilogram 
( ) indicates not detected bekm e a k d  detection limit 
Data source: MdCcrton Corporation (1984b) 



TABLE 2-3 

McKesson Environmental Data 
March 1- 

Soil 
Coclanlrrtion f m d d  

B-2 - 3  MW-2 BoringWell No. B..1 B-1 - - 

Freon 0.78 

Isopropmnol -- 
Mcthrnd 2 

Merhykne cbbride 0.20 

Methyl ethyl ketone (0.1 25) 

m: 
h p k #  W k d e d  h tk .bavegOUnd ¶OkM MC8. 

Slmpkm rndptd fa p a w r h k  orgnk by &PA Me~Lod 62V1124~ 1drI h y d r o u h r  by @PA Method 
SOIWIOQ. metbnd by EPA M c t W  801% mad cntuirbk apnicr by EPA Me1hal82m. 
mJI6 - miligrmr per kilogrm + - miliqrmc per titer 
( ) M i a t c r  detected bekm erdbtd  Ctcctbn limiu -- - lo( h t e d  
t h m  Soar*: McKcmn Caporrtim (1966) 





TABLE 24 

McI(;essoa Environmental b t a  
Odok  1989 

Samples aolleaed at RCRA drum stomp area 
mgntg = millipmas per kilognm 
( ) indicates not detected below enclosed detection limit 
•pHr~uemPniu 
Data So= Harding h w m  Assodates (199011) 
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25  Remedial Investigation 

In 1990 and 1991, HLA conducted the remedial investigation (RI). The investigation 

included the monitoring of ambient meteorological conditions and air quality, drilling of soil 

borings, drilling and installation of groundwater monitoring wells, cone penetrometer testing 

(CPT)/HydroPunch groundwater sampling, the collection and analysis of surface and 

subsurface soil samples, and the collection and analysis of surface water and groundwater 

samples. All field work and physical testing of soil samples was performed by HLA 

geologists, engineers, and technicians under the direct oversight of a registered geologist 

and/or professional engineer. Analytical testing of air, soil, and water samples was 

performed by a state-certified laboratory. 

I HLA's RI of surface and subsurface soil and vadose zone conditions at the McKesson site 

was conducted in two phases. The first phase of the investigation was conducted from June 

to August 1990. Thirty-one soil borings were drilled and sampled during the first phase. 

Samples were also collected from four surface locations. Following review of the data 

collected during the first phase of the investigation, a second phase soil and vadose zone 

investigation was conducted in January and February of 1991, during which an additional 

ten soil borings were drilled and sampled. 

Soil samples collected from borings drilled in the first phase of the investigation in the UST 

area, the aboveground storage tank area, and the Freon-blending area were analyzed for 

volatile and semivolatile organic compounds, glycols, and petroleum hydrocarbons. Based 

on the results from the first-phase borings, the samples collected from the three additional 

borings in the aboveground solvent-storage area were only analyzed for volatile organic 

compounds. 
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Soil samples collected in the corrosive and hydrogen peroxide bermed storage area were 

analyzed for pH and selected ions and metals, with the exception of the two samples that 

were additionally analyzed for volatile and semivolatile organics, glycols, and petroleum 

hydrocarbons. This area was not sampled extensively for organic chemicals because these 

types of compounds were not used in this area However, there does not appear to be any 

reason to believe that 'unique' chemicals other than those analyzed would be present in this 

area 

The groundwater investigation program consisted of the installation, monitoring, and 

sampling of a total of 18 on-site groundwater monitoring wells. Two wells were installed 

in a discontinuous perched-water zone encountered at two locations within the site. Twelve 

wells were installed in the upper portion of the underlying aquifer zone. Four additional 

wells were installed in the aquifer, two at an intermediate depth, and two at the bottom of 

the aquifer, to assess vertical hydraulic and chemical distribution characteristics. The 

monitoring well program was augmented by the collection of water samples using a 

HydroPunch sampling device. HydroPunch samples were collected at five on-site locations 

and twelve off-site locations. 

The results of the RI are summarized below. 

2.5.1 Chemicals in the Soil 

Approximately 100 soil samples were collected throughout the site and analyzed by EPA 

Method 8240 for volatile organic chemicals (VOCs). Samples were collected at depths 

ranging from 0.5 to 129 feet; the majority of the samples were taken at depths ranging from 

20 to 40 feet. Several VOCs were not detected in any samples: 1,12-trichloroethane, 1,2- 

dichloropropane, Zhexanone, 4-methyl-2-pentanone, bromodichloromethane, bromoform, 
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bromomethane, carbon disulfide, chloromethane, chloroform, chloroethane, cis-13- 

dichloropropene, dibromochloromethane, styrene, trans-13-dichloropropene, vinyl acetate, 

and vinyl chloride. Limit. of detection for these compounds were very low, ranging &om 

50 ppb to 1 ppm. Hence, these compound are probably not present in site soils, which is 

an important consideration given that some of these chemicals are present in groundwater 

and may be indicative of upgradient contamination 

The following VOCs were detected in one or more samples: l,l,l-trichloroethane, 1,122- 
tetrachloroethane, 1,l-dichloroethane, 1,l-dicbloroethene, 1,2dichloroethane, cis- and trans- 

1,2-dichloroethene, 2-butanone, acetone, carbon tetrachloride, chlorobenzcne, ethylbenzene, 

methylene chloride, tetrachloroethene, toluene, xylenes, and trichloroetbene. Chemical 

concentrations in soil ranged from 0.06 mg/kg (1,2dichloroethane) to 3,500 mg/kg (1,1,1- 

trichloroethane). The data is summarized in Table A-1 located in Appendix A. 

In order to calculate representative soil concentrations in this assessment, the site was 

divided into three separate areas based on a general consideration of the activities and 

processes that took place on-site. These areas are (1) Area "A," which is comprised 

primarily of the railroad spur area along the northern boundary, (2) Area "B," which is 

comprised primarily of the solvent storage tank area, and (3) Area 'C," which is comprised 

primarily of the conosive/oxidizer area. These areas are delineated in Figure 2-2. In 

general, the soil samples taken outside these areas (e.g., SB-32, SB-1, MW-2, SB-12, and 

MW-1) were free of detectable levels of any contaminants. The soil analyses for each area 

are summarized below and in Table 2-5. The arithmetic mean and 95% upper confidence 

limits of the surficial(0-2' depth) and subsurficial(>2' depth) chemical concentrations for 

all identified chemicals measured in all three areas combined are also presented in 

Table 2-5. The arithmetic mean and upper 95% confidence limits of the chemicals of 

concern are presented in Table 2-6. 





DETECTION FREQUENCIES AND 
CHEMICAL CONCENTRATIONS FOR ALL IDENTIFED CHEMICALS 

IN THE DELINEATED AREAS' 

PAGE 1 OF 2 

* = A m s A , B ,  d C c o m b i i  
ND = Not Detected (value qmsmts the limit of detection) 

3 
6 ' Represents only those chemicals detected in one or more snmplm. 
03 
0 

' Samples taken from MW-03, SB42, SB45 to SB-09, SB-36, SB-39 to SB-42, SS-01 to SS-04 

R a Sampla taken from SB43, SB-04, SB-13, SB-23, SB-23A to SB-27, SB-28, SB-30, SB-37, SB-38 
H 

a0 
r 0  " Samples taken from SB-10, SB-11, SB-17, SB-17A, SB-19 to SB-21 

H 



DETECTION FREQUENCIES AND 
CHEMICAL CONCENTRATIONS FOR ALL IDENTIFIED CHEMICALS 

IN THE DELJIWATED AREAS' 

PAGE 2 OF 2 

= Aregs A, B, md C combined 
ND 5: Not Detected (value repwmts the limit of detection) 

B 
x ' Repteseots only those chemimls detected in one or mom samples. 
0 Samples taken from MW-03, S B a ,  SB-05 to SB-09, SB-36, SB-39 to SB-42, SS-01 to SS44  

R 
a0 
0 S ~ l e s  taken from SB-03, SBW, 38-13, SB-23, SB-23A to SB-27, SB-28, SB-30, SB-37, SB-38 

H cm 
00 ' Sllmples taka from SB-10, SB-11, SB-17, SB-17A, SB-19 to SB-21 

G 0 



TABLE 2-6 

MEAN AND 95% UCL SOU CONCENTRATlONS OF SOIL CHEMICALS OF CONCERN 
INAREASA,B,ANDC 



BASELINE RISK ASSESSMENT 
McKESSON-SANTA FE SPRINGS 
October 26,1992 
Page 2 - 19 

The following VOCs were detected in one or more soil samples collected in Area A (MW- 

03, SB-02, SB-05 to SB-09, SB-36, SB-39 to SB-42, SS-01 to SS-04): l,l,l-trichloroethane, 

1,l-dichloroethene, lJ-dichloroethane, 19-dicbloroethene, methylene chloride, 

tetrachloroethene, toluene, and trichloroethene. Concentrations ranged from 0.1 mg/kg 

(toluene) to 95 mg/kg (acetone). Less than 50 percent of the soil samples contained 

detectable levels of any VOC, and a great majority of the detected concentrations were less 

than 1 mg/kg. 

Area B 

The following VOCs were detected in one or more soil samples collected in Area B (SB-03, 

SB-04, SB-13, SB-234 SB-23 to SB-27, SB-30, SB-37, SB-38): l,l,l-trichloroethane, 1,1,2,2- 

tetrachloroethane, 1,l-dichloroethane, 1,l-dichloroethene, 1,2-dichloroethane, cis- and trans- 

l,Zdichloroethene, 2-butanone, acetone, carbon tetrachloride, chlorobenzene, ethylbenzene, 

methylene chloride, tetrachloroethene, toluene, xylenes, and trichloroethene. Concentrations 

ranged from 0.1 mg/kg (cis-1,2-dichloroethene) to 3,500 mg/kg (l,l,l-trichloroethane). A 

majority of the soil samples contained detectable concentrations of one or more VOCs. 

Area I: 

The following VOCs were detected in one or more soil samples collected in Area C 

(MW-01, SB-10, SB-11, SB-16, SB-17, SB-174 SB-18 to SB-21; SB-34, and SB-35): 1,1,1- 

trichloroethane, 1,l-dichloroethene, methylene chloride, tetrachloroethene, and 

trichloroethene. Concentrations ranged from 0.3 mg/kg (1,1,1-trichloroethane) to 4.0 mg/kg 
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(metbylene chloride). Less than 50 percent of the samples contained detectable levels of 

any VOC, and a majority of the detected concentrations were less than 1 mg/kg. 

In summary, soil samples taken outside the three delineated areas did not contain significant 

levels of any VOCs. The bulk of the site soil contamination appears to be confined to Area 

B; approximately 90 percent of the samples taken outside Area B contained less than 10 

ppm total of all VOCs. 

2 5 2  Chemicals in Groundwater 

As identified in Figure 2-3, groundwater samples were collected from several wells on-site 

and in selected locations off-site. 

Forty-four groundwater samples were collected from eighteen different locations on- 

site(MW-1 through MW-3; SB-4, SB-7, SB-10, SB-13, SB-17, SB-174 SB-17B, SB-20, SB-23, 

SB-23A, SB-23B, SB-25, and SB-36; and CPT-1 through CPT-6) and analyzed for VOCs 

(EPA Method 624/8240). The results are s~~mmarized in Table A-2 in Appendix A The 

following VOCs were not detected in any samples: 1,1,2-trichloroethane, 1,1,2,2- 

tetrachloroethane, 1,2-dichloropropane, 2-butanone, 2-hexanone, 4-methyl-2-pentanone, 

bromodichloromethane, bromoform, bromomethane, carbon disulfide, carbon tetrachloride, 

chloropropene, styrene, trans-13-dichloropropene, and vinyl acetate. The following VOCs 

were detected in one or more groundwater samples: l,l,l-trichloroethane, 1,l- 

dichloroethane, 1,l-dichloroethene, 12-dichloroethane, cis- and trans-lwchloroetbene, 

acetone, benzene, chloroform, dibromochloromethane, ethylbenzene, metbylene chloride, 
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tetrachloroethene, toluene, xylenes, trichloroethene, trichlorofluoromethane, and vinyl 

chloride. As mentioned previously, the distinction between chemicals present in the 

groundwater is those that are not detected may be important to distinguish on-site vs. 

upgradient contributions. 

Fifteen groundwater samples (including duplicates) were collected from eight locations in 

the agricultural field adjacent to the western boundary of the site (CPT-11 through CPT-18), 

three locations north of the property (CPT-7 through CPT-9) and one location south of the 

site (CPT-lo), and analyzed for VOCs (EPA Method 8240). 

The results are also summarized in Table A-2. The following VOCs were not detected in 

any samples: 1,1,2,2-tetrachloroethane, 1,2-dichloropropane, 2-hexanone, acetone, 

bromodichloromethane, bromoform, bromomethane, carbon disulfide, carbon tetrachloride, 

chlorobenzene, chloroethane, chloroform, chloromethane, cis-1,3-dichloropropene, 

dibromochloromethane, styrene, trans-1,2-dichloroethene, trans-1,3-dichloropropene, vinyl 

acetate, and vinyl chloride. The following VOCs were detected in one or more groundwater 

samples: l,l,l-trichloroethane, 1,1,2-trichloroethane, 1,l-dichloroethane, 1,l-dichloroethene, 

12-dichloroethane, 2-butanone, 4-methyl-2-pentanone, benzene, cis-l,2-dichloroethene, 

ethylbenzene, methylene chloride, tetrachloroethene, toluene, trichloroethene, xylenes, 

acetone, dichlorofluoromethane, trichlorofluoromethane and trichlorotrifluoroethane. 

As described in detail in the remedial investigation report, it is clear that there is off-site 

contribution to the groundwater contaminant levels measured in the on-site samples. 
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2.6 Summary 

The former McKesson facility in Santa Fe Springs, California, operated from 
1976 to November 1, 1986. Bulk chemical packaging took place on-site. 

Previous investigations of site soil and groundwater have been conducted at 
the request of Cal-EPA The most recent investigations were conducted by 
HLA in 1990 and 1991 which are described below. 

Approximately 100 soil samples were collected at depths ranging from 0.5 to 
129 feet and analyzed for VOCs. 

Soil chemicals detected in the highest frequencies and concentrations were 
reported in 'Area B," which is comprised primarily of the solvent storage 
tank area 

Approximately 75 groundwater samples including duplicates were collected 
on-site and in selected locations off-site and analyzed for VOCs. 

On-site groundwater chemicals detected in the highest frequencies and 
concentrations were reported in "Area B." 

Off-site groundwater chemicals detected in the highest frequencies and 
concentrations were reported to the north of the site (CPT-8 and CPT-9) and 
in the western portion of the agricultural field (CPT-13 and CPT-16). 

Site groundwater has been adversely impacted as a result of both on-site and 
off-site activities. 
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3.0 IDENTIFICATION OF CHEMICALS OF CONCERN 

The following sections identify the chemicals of concern selected for this assessment. These 

chemicals are selected from the soil and groundwater data collected during the 1990-1991 

remedial investigation (See Section 2.5). 

3.1 Soil Chemicals of Concern 

As described in current Cal-EPA and USEPA guidance, the purpose of selecting chemicals 

of concern is to focus the assessment on those chemicals that could reasonably be expected 

to pose a significant risk. Criteria for establishing chemicals of concern typically include 

consideration of the toxicity, physical properties, concentration, and frequency of detection 

of each detected chemical. Current USEPA guidance indicates that it is appropriate to 

"consider the chemical as a candidate for elimination from the quantitative risk assessment 

if: (1) it is detected infrequently in one or perhaps two environmental media, (2) it is not 

detected at high concentrations" (USEPA, 1989a p. 5-22). In addition, page 5-20 of the 

current USEPA risk assessment guidance (USEPA, 1989a) states: 

"Carrying a large number of chemicals through a quantitative risk assessment 
may be complex, and it may consume significant amounts of time and 
resources. The resulting risk assessment report, with its large, unwieldy tables 
and text, may be difficult to read and understand, and it may distract from the 
dominant risks presented by the sites." 

As described earlier, the analytical soil data have been segregated into three sets in this 

assessment: data from the soil borings collected in (1) Area "A," which is primarily the 

railroad spur area, (2) Area "B," which is primarily the solvent storage area, and (3) Area 

"C," which is primarily the corrosive/oxidizer area. Figure 2-2 delineates these areas. As 
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previously discussed in Section 2.5, the highest frequencies of detection and chemical 

concentrations occurred in the solvent storage tank area. 

For the purposes of this assessment, any chemical detected in greater than 5% of the soil 

samples taken from throughout these three areas will be considered as a soil chemical of 

concern. This is a reasonable and conservative selection criterion since if a chemical is 

present in less than 5% of the samples, it is likely to have a very low mean concentration, 

due to the significant number of nondetected values in the data set. Based on this set of 

criteria, the chemicals of concern in soil are summarized in Table 3-1. 

3.2 Groundwater Chemicals of Concern 

I 

As described in detail in the remedial investigation report, there appears to be a significant 

amount of off-site contribution to contaminant levels measured in groundwater samples 

collected on-site. The relative degree of on-site and off-site contribution has not yet been 

quantified and, therefore, insufficient information is available to accurately identify 

chemicals of concern for the purposes of assessing risks directly related to the site associated 

with groundwater. However, at the request of Cal-EPA, exposure to groundwater is 

quantitatively evaluated in this assessment. In order to ensure that potential risks are not 

under-estimated,a chemicals detected in on- and off-site wells are included as groundwater 

chemicals of concern. Table 3-2 summarized these chemicals and their maximum detected 

concentration. 
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4.0 EXPOSURE ASSESSMENT 

The exposure assessment section of a risk assessment identifies the potential pathways of 

exposure to the chemicals of concern, the potentially exposed populations, and reasonable 

estimates of the frequency and duration of contact with the contaminated media The 

exposure scenarios and potentially exposed populations considered in this assessment are 

described in detail in Section 4.1. Sections 4.2 and 4 3  identify the exposure pathways and 

exposure parameters, respectively, that are considered for each scenario. Most of the 

assumptions regarding potentially exposed populations and estimates of exposure frequency 

and duration are taken directly from current Cal-EPA and USEPA risk assessment guidance. 

Where applicable, an appropriate mix of 50th and 95th percentile default exposure 

assumptions are used to estimate potential contaminant uptake, as suggested by current Cal- 

EPA and USEPA guidance. This scenario is referred to as the "reasonable maximal 

scenario" in this assessment. 

4.1 Exposure Scenarios 

The exposure scenarios considered in this assessment address both current and potential 

future conditions at the McKesson site. 

Current Conditions 

Under current conditions, there are no on-site activities. Therefore, potentially exposed 

individuals under current conditions consist of nearby off-site occupational and residential 

populations. The nearest residential receptor is 402 meters southwest of the site. The 

nearest occupational receptor is 22 meters south of the solvent storage area on the 

McKesson-Fontaine Trucking Company fenceline. Theoretically, off-site populations could 
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be exposed to site-related contaminants via contact with groundwater contaminants that 

have migrated off-site or inhalation of vapors that have been emitted by on-site sources. 

The distance between the nearest potential off-site receptor and the primary emission source 

area (Area B), approximately 22 meters, is such that inhalation of site vapors by off-site 

populations is likely to be negligible. As described further in subsequent portions of this 

assessment, this conclusion is borne out by on-site sampling for vapors and vapor emission 

estimates provided by fate and transport models. Potential incidental residential exposure 

to groundwater at off-site locations is considered in this assessment, although presently it 

is unclear to what degree the McKesson site has contributed to off-site groundwater 

contamination. 

Future Uses 

Future uses of the site will likely involve occupational activity. It is reasonable to expect 

that residential use of the site will not occur in the future; however, at the request of Cal- 

EPA, a potential residential scenario is included in this assessment. In summary, for the 

purposes of this assessment, the representative exposure scenarios are as follows: 

An on-site occupational scenario that assumes adult exposure during a typical 
40-hour work week. 

An on-site residential scenario that assumes daily exposure and accounts for 
age-specific exposures (adults and children). 

An off-site residential scenario that assumes incidental contact with 
groundwater. 
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4 3  Exposure Pathways 

Pathways of exposure are the means through which an individual may come into contact 

with a contaminant. These are determined by environmental conditions, potential for a 

contaminant to move from one medium to another, and the population's general lifestyles. 

Although several potential pathways may exist, usually only a few contribute significantly to 

the total exposure. For a complete exposure pathway to exist, each of the following 

elements must be present (USEPA, 1989a): 

A source and mechanism for chemical release, 
An environmental transport medium (e.g., air, water, soil), 
A point of potential human contact with the medium, and 
A route of exposure (e.g., inhalation, ingestion, dermal contact). 

In general, the potential pathways of exposure to environmental contaminants consist of 

ingestion of contaminated soil and groundwater, inhalation of vapors and particulates, and 

dermal contact with contaminated soil and groundwater. 

At certain portions of the McKesson site (the former solvent storage area) the soil contains 

elevated levels of VOCs. Therefore, inhalation of vapors emitted from the soil will be 

considered for future on-site populations. Direct contact with contaminants in surficial site 

soil via soil ingestion and dermal contact with soil could also occur and will be considered 

for future on-site occupational and residential populations. The contaminated aquifer at the 

McKesson site is not used as a drinking water source due to factors other than the presence 

of site-related contamination. Hence, direct ingestion of groundwater from the aquifer is 

not a viable exposure pathway. However, it is theoretically possible that a well could be 

placed in the aquifer and be used for nondrinking purposes (e.g., vegetable garden or 
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landscape irrigation, cleaning vehicles or other equipment, etc.). Accordingly, on- and off- 

site incidental residential exposure to groundwater via ingestion and dermal contact is 

considered in this assessment. For the purposes of this analysis, these groundwater exposure 

pathways are not considered for the future on-site worker, since occupational exposures to 

groundwater are unlikely. 

Due to their high volatility and susceptibility to photo and microbial degradation, the 

primary soil contaminants (VOCs) are usually not present in the fine surficial soil particles 

that can become suspended in air. Therefore, inhalation of soil particulates is not 

considered a significant exposure pathway for on- or off-site locations and is not addressed 

in this assessment. 

In summary, soil ingestion, dermal contact with soil, and vapor inhalation are considered for 

future on-site residential and occupational populations. Incidental residential exposure to 

groundwater on-site and off-site is also considered. Table 4-1 summarizes the pathways that 

are considered in this assessment and the justification used for excluding certain pathways. 

43 Exposure Parameters 

Consistent with current Cal-EPA and USEPA guidance, the following general dose equation 

is used to assess uptake for each exposure pathway considered in this assessment: 

ADD = C x I R x E F x E D x B  

BW x AT 

Where: 

ADD = Average daily dose (mg/kg-day) 

C = Chemical concentration in environmental medium (mg/kg) 



TABLE 4-1 

EXPOSURE PATHWAYS CONSIDERED FOR FUTURE ONSITE USES AND POTENTIAL OFF-SITE EXPOSURES 

X = pathway is considered in health risk assessment 
0 = pathway is not considered in health risk assessment 

a = pathway not considered due to incomplete exposure pathway 
b = pathway not considered due to insignificance 
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IR = Intake rate (mg/day) 

EF = Exposure frequency (days/year) 

ED = Exposure duration (years) 

B = Bioavailability (unitless) 

BW = Body weight (kg) 

AT = Averaging time (days) 

For noncarcinogenic effects, AT = Exposure duration x 365 

daysly ear 

For carcinogenic effects, AT = 70 years x 365 days/year 

It is well known that rates and duration of contact with environmental media can differ 

significantly with age. Accordingly, age-specific estimates of exposure (child and adult) are 

used to evaluate contaminant uptake for the residential scenario. The exposure estimates 

used to calculate contaminant uptake via the potential exposure pathways are described 

below and summarized in Tables 4-2, 4-3 and 4-4. Calculation of representative 

contaminant concentrations is described in Sections 5.0 and 7.0. 

4.3.1 Receptor Characterization Factors 

Bodv Weieht 

The standard body weight given in the Cal-EPA's (formerly the California Department of 

Health Senices) draft Scientific and Technical Standards for Hazardous Waste Sites Book 

II, Volume 4, Chapter 1, Section 2.0 (Cal-EPA, 1990) is 70 kilograms for adults. This value 
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Exposure Frequency (EF) 

Expos~~re DII~PI~IMI (ED) 

Averaging Time (AT) 

Inhalation Rate (IR) 

Bioavailability (8) 

Soil to Skin Adherence Factor (AF) 

S~~rrace Area (SA) 

Bioavailability (B) 

Conversion Faclot (CF) 

Ingestion Rate (IR) 

Bioovailahility (B) 

Conversion Factor (CF) 

Ingestion Rate (IR) 

Expos~lre Frequency (EF) 

Surface Area (SA) 

Exposure Time (ET) 

Permeability Coemcient (PC) 

Exposorc Frequency (EF) 

V v l ~ ~ e  

70 kg 

24 ho~~rsldny 

350 dayslyear 

21 yaarr 

25550 days - carcinogenic e&cts 

8760 days - noncarcinogenic effects 

0.83 m'lhot~r 

I .O 

0.5 mglcm' day 

3900 cm' 

0.10 

I .O x IOd kglmg 

100 mglda y 

1 .O 

I .O x l o 6  kglmg 

0.05 Uday 

52 dayslyear 

3900 em' 

I hourlday 

8.4 x lo '  

52 dayslyear 

Approximate 
Pertabtile 

50. 

Maximum 

95* 

95. 

50. 

Maximum 

50. 

50. 

50. 

Upperbound 

Maximum 

95. 

9(r 

50C 

50. 

Maximum 

90. 



l'AIII.E 4-4 

EXI'OSIIHE ASSICSShlllN'l' I'AHAhlE'l'I~RS FOR I ' I IE I'ATII!VAYS I)EVI<I,OI'I'I) I'OH A I'LI'I'UHE ONSITE ADULT WORKER 

Human Cheractrristics 

Inhslatit*n t ~ f  Vapors 

Dernial Contnct With Soil 

Soil Ingzstion 

Paril~lteter 

Body Weight (BW) 

Exposure Time (ET) 

Exposure Frequency (EF) 

Expos~tre Duration (ED) 

Averaging Tinic (AT) 

Inhalation Rate (IR) 

Bioavsilability (6) 

Soil to Skin Adherence Factor (AF) 

Surfnce Area (SA) 

Biosvailohility (6) 

Conversion Factor (CF) 

Ingestion Rate (IR) 

Bioovailability (6) 

Conversion Factor (CF) 

VIILIO 

70 kg 

8 hoc~rslday 

250 dayslyear 

4.2 years 

25550 day8 - carcinogenic eNccts 

1533 days - noncnrcinopcnic eNects 

1.25 m'lhour 

I .O 

0.5 rnglem' day 

3900 cm' 

0.10 

1 .O x 10' kglmg 

50 t~igldoy 

1 .O 

l .O x 10' kglmg 

Approximate 
Fernentile 

5 6  

Maximum 

59. 

5@ 

5 6  

Maximum 

50. 

5 b  

5 b  

Upperbound 

Maximum 

Refeterare 

USEPA Suppl~m~fllal, 1991 

USEPA Supplemental, 1991 

USEPA Supplemental, 1991 

U.S. Bureau of Labor 
Statinicr, 1978 

Cat - EPA, 1990 

- 

USEPA, 1989b 

defined value 

USEPA, 1992 

USEPA, 1989b 

CAI-EPA, 1992 

USEPA Supplemental, 1991 

defined value 
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represents the average of the median (50th percentile) body weight for an adult male and 

female. The USEPA Risk Assessment Guidance for Su~erfund Volume I: Human Health 

lemental G u i w  Evaluation Manual SUDD (USEPA, 1991a) suggests a value of 15 

kilograms as the median (50th percentile) body weight for boys and girls ages 0-6 years. 

These values are used to represent age-specific body weights in this assessment. 

Emosure Freauency 

Exposure frequency represents the rate at which an individual may come in contact with a 

contaminated medium. For the purposes of this assessment, a working individual is assumed 

to be present on-site for 8 hours per day, 5 days per week, 50 weeks per year (250 days per 

year) during job tenure. A resident is assumed to be present on-site 24 hours per day, 7 
I 

days per week, 50 weeks per year (350 days per year). This latter assumption is a very 

conservative "upperbound" estimate since most individuals (children and adults) spend a 

significant amount of the day away from the home. An exposure frequency of 365 days per 

year was originally recommended by the USEPA (USEPA, 1989a); however, consideration 

of time spent away from home as vacation (2 weeks) is recommended in the USEPA's 

supplemental guidance (USEPA, 199 la). 

Ex~osure Duration 

Exposure duration is a measure of the length of time an individual may be in contact with 

a contaminated medium. For the purposes of this assessment, occupational tenure is based 

on recent data from the Bureau of Labor Statistics (1987), which indicates that the median 

(50th percentile) job tenure with the current employer is 4.2 years. An exposure duration 

of 30 years is used for the residential scenario. This value represents the 90th percentile of 
residence time in the same home (USEPA, 1989a). For the purposes of this assessment, 6 
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of the residential years will be assumed to be a child; 24 years will be assumed to be an 

adult. This is a conservative assumption since children are typically considered to be more 

sensitive to the potential health effects of environmental contaminants (due to higher rates 

of contact and lower body weights). Addressing a 30-year exposure duration in such a 

manner is consistent with current USEPA guidance (USEPA, 1991a). 

4.3.2 Pathwav-Suecific Parameters 

The following subsections discuss the rationale for the exposure parameter values used in 

this assessment. 

432.1 Dermal Contact with Soil 

Skin Surface Area 

"Skin surface area" represents the amount of exposed skin that may come into contact with 

contaminated soil. For this assessment, a skin surface area of 3,900 cm2 is used for adult 

workers and residents. This value represents the median (50th percentile) skin surface area 

for hands and arms as referenced in the USEPA's Ex~osure Factors Handbook (USEPA, 

1989b). A value of 1,520 cm2 is used for children; this value also represents the median 

(50th percentile) skin surface area for hands and arms for children aged 6-7 years as 

referenced by USEPA (USEPA, 1989b). 

Soil to Skin Adherence Factor 

Numerous studies have evaluated the amount of soil that is likely to be in contact with skin 

on a daily basis. Roels (1980) estimated that approximately 1.0 milligram of soil per square 
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centimeter of skin adheres to a child's hand after play in and around the home. Several 

other studies suggest that soil adheres to skin to a lesser degree. Using adhesive tape to 

sample a defined area of skin, it has been suggested that the amount of soil adhering to 

human skin is approximately 0.5 milligram per square centimeter (Lepow, 1975). In a 

different study, using a variety of soil of different particle size, an average of 0.2 d g r a m  

per square centimeter of soil adhered to the hand of small adults (Que Hee, 1985). 

For the purposes of this assessment, a value of 0 5  mg/cm2 per day is used as the soil 

adherence factor. This value approximates the median of the above studies and is also the 

midpoint of the values suggested by USEPA's February, 1992 "New Interim Region IV 

Guidancew memorandum which states: 

"The soil to skin adherence factors given in EPA's Risk Assessment Guidance 
to Superfund (RAGS) are 1.45 mg/cm2 to 2.77 mg/cm2. Because of new data 
in this area, this range should be changed to 0.2 to 1.0 mg/cm2." 

Bioavailability 

Bioavailability is a measure of the degree to which a chemical is systemically absorbed 

following contact (Paustenbach, 1987). It is important to consider the bioavailability of a 

chemical in its environmental matrix (e.g., soil, water, or food), as the amount of chemical 

absorbed from a matrix will often be less than the amount absorbed when the chemical is 

administered in its pure form. Bioavailability is typically reported as the percentage of the 

applied or administered dose of a chemical that is ultimately absorbed. For example, 

absorption of 10 milligram of chemical upon dermal contact with 100 milligrams of soil- 

bound chemical represents a dermal bioavailability of 10 percent. 
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Current USEPA and Cal-EPA guidance indicates that it is appropriate to account for 

chemical bioavailability when assessing dermal uptake of chemicals from soil. For this 

assessment, a bioavailability factor of 10 percent is used for all chemicals. This value 

represents a reasonable estimate of dermal uptake of organic chemicals from soil. 

4.322 Inhalation of Vapors 

Inhalation Rate 

For the purposes of this assessment, an inhalation rate of 1.25 m3 per hour is assumed for 

workers (equivalent to 10 m3 per 8-hour workday). This value approximates the mean (50th 

percentile) of the inhalation rates for adult males engaged in heavy or moderate activity, as 
I 

referenced in USEPA's Exposure Factors Handbook (USEPA, 1989b). For an adult 

resident, an inhalation rate of 0.83 m3 per hour (20 m3 per 24-hour day) approximates the 

50th percentile value as referenced in the USEPA's Risk Assessment Guidance for 

Su~erfund. Volume I. Human Health Evaluation Manual (Part A) Interim Final (1989a). 

A value of 0.44 m3 per hour (1 1 m3 per 24-hour day) is used to estimate an inhalation rate 

for a child (0 to 6 years of age). This value was calculated from activity data presented in 

the USEPA's Exposure Factors Handbook (1989b) and represents the sum of the mean 

inhalation rates for an infant's resting rate and a 6-year-old child's light activity rate. 

Bioavailabili tv 

For this assessment, all the chemicals of concern are assumed to be 100 percent bioavailable 

via inhalation. This is a reasonable assumption because inhaled vapors are easily absorbed 

into the lungs. 
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43.23 Soil Ingestion 

Soil Ingestion Rate 

Incidental soil ingestion occurs at all ages, primarily as result of hand-to-mouth contact and 

ingestion of soil particulates that have been deposited on foods and surfaces. It is widely 

believed that children approximately 1 to 4 years of age are the only age group that 

consumes a potentially significant amount of soil (Calabrese a d . ,  1989; Van Wijnen ad., 
1990). As a result, numerous studies of soil ingestion rates in children have been conducted. 

Current USEPA guidance suggests the use of 200 mg/day as a conservative estimate of 

'average" soil ingestion rates for children (USEPA, 1991a). This value, which is the median 

value obtained in "tracera studies conducted by Binder (1986) and Clausing (1987), is used 

to assess contaminant uptake in soil ingested by children in this assessment. In Section 8.0, 

a wide range of other possible values are used to evaluate the conservatism in this estimate. 

While numerous studies have attempted to measure or estimate rates of soil ingestion for 

children, information regarding adult soil ingestion is limited. The USEPA currently 

suggests an adult soil ingestion rate for an 18-year-old varying between 1 to 100 milligrams 

of soil per day (USEPA, 1991a). The highest figure is based on Centers for Disease Control 

(CDC) estimates and represents an abnormal tendency to ingest soil. The value of 100 

milligrams of soil per day is used in this assessment for the adult resident and is an 

overestimation of the actual amount of soil ingested by adults. 

For an occupational receptor, incidental ingestion of soil and dust depends upon the type 

of work performed. A study by Calabrese a A. (1990), limited by the number of test 

subjects, is the only published study that examined uptake in workers via tracer studies. 
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From this study, USEPA guidance (USEPA, 1991a) suggest. using a value of 50 milligrams 

of soil per day as an upperbound estimate value. This value is used in this assessment. 

Bioavailability 

For the purposes of this assessment, it is assumed that soil-bound chemicals are absorbed 

100 percent following ingestion. This is a fairly conservative estimate, since ingested soil- 

bound chemicals are typically absorbed with much less than 100-percent efficiency. 

4.3.2.4 Incidental Exposure to Groundwater 

Although the impacted aquifer is not a source of potable water, it is possible that a well 
I could be placed in the aquifer at a future date for use as an irrigation source or other non- 

potable uses. In this event, incidental exposure to groundwater could occur as a result of 

ingestion or dermal contact. An incidental groundwater ingestion rate of 0.05 L/day is 

assumed in this evaluation, based on the estimated ingestion rate of 0.05 L/hr recommended 

by USEPA for ingestion of chemicals in surface water while swimming (USEPA, 1989a). 

For the purposes of this assessment, this would seem to be a reasonable conservative 

estimate since it is highly unlikely that an individual would incidentally consume as much 

water during irrigation or other activities as one does when completely immersed in a body 

of water (i.e. swimming). 

As described in Section 43.2.1, a skin surface of 1,520 cm2 and 3,900 cm2 approximates the 

median (50th percentile) skin surface area for children and adult hands and arms 

(respectively) as referenced in USEPA's Exposure Factors Handbook (1989b). Consistent 

with current USEPA guidance for assessing chemical uptake via dermal contact with water 

(USEPA, 1989a), because chemical-specific permeability constant values for water are not 
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available for the chemicals of concern, the dermal permeability constant for water (8.4 x 10 

'cm/hr) is used as a default value for absorption (Blank et al.,1984). Dermal contact with 

water is assumed to occur for 1 hour per day. 

The frequency of oral and dermal exposure to water from the impacted aquifer is assumed 

to be 1 day per week, or 52 days per year. This is a reasonable, yet conservative estimate. 

All of the above assumptions are taken to be applicable to either an on-site or an off-site 

residential exposure scenario. 
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5.0 ENVIRONMENTAL FATE AND TRANSPORT MODELING 

This section describes the methodology used to estimate (1) the emissions of volatile 

contaminants from soil and (2) the ambient air concentrations associated with these 

emissions. For the purposes of this assessment, Jury's version of the "Behavior Assessment 

Model" (BAM) is used to determine the vapor emission rates of various organic chemicals 

from the soil in Areas A, B, and C of the McKesson site. The Box Model is then used to 

estimate the ambient air concentrations associated with these emission rates. Both of these 

models are discussed in USEPA7s Superfund Ex~osure Assessment Manual (USEPA, 1988) 

as appropriate for vapor emission modeling. 

5.1 Vapor Emission Modeling 

The transport of chemicals from contaminated media to the atmosphere is a complex 

process. The physical properties of the chemical (e.g., vapor pressure, solubility, soil 

adsorption), physical properties of the soil matrix (e.g., bulk density, porosity, fraction of 

organic carbon, moisture content), and environmental factors (e.g., temperature, humidity, 

depth to contamination, annual precipitation, wind speed) all govern the emission rate. The 

vapor emission model used in this assessment and the predicted vapor emission rates for the 

McKesson site are discussed in detail below. 

Jurv Behavior Assessment Model 

The Jury BAM is a one-dimensional model that assumes the vapor, aqueous, and sorbed or 

solid phases are in equilibrium, as prescribed by Henry's Law for liquid-vapor partitioning 

and equilibrium-linear partitioning for liquid-solid partitioning (Jury ad., 1983). The soil 

is assumed to have been contaminated with a miscible chemical to a depth 2" with an 
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initial chemical concentration "Co." Lf more than one chemical is present, the model assumes 

that there are no interactions between chemicals and that all chemicals are subject to the 

same hydraulic and soil conditions. 

The vapor emission rates predicted by the model are based on several conservative loss 

pathways, such as transport of a chemical subject to volatilization at the soil surface and 

leaching in the soil column via evapotranspiration. In addition, the model always conserves 

mass; that is, the model takes into account the time-dependent depletion of the chemical 

of concern in soil, since only a finite amount of chemical is initially present. 

The Jury BAM has been validated in the laboratory and in field studies using soil- 

incorporated pesticides from the upper root zone. However, since this model uses 
r 

contaminant-specific parameters (e.g., Henry's constant, organic soil binding coefficient, soil- 

gas diffusion coefficient), it is also applicable to more volatile compounds. The Jury BAM 

can incorporate a microbial or chemical decay rate specific to the contaminants of concern 

in estimating vapor flux from soil. However, for the purposes of this assessment, this factor 

is conservatively set equal to zero (i.e., no decay). 

For purposes of this assessment, the 4.2-year and 30-year average flux rates are computed 

for each soil chemical of concern. These flux rates correspond to an occupational and 

residential exposure duration, respectively, as described in Section 4.0. The average flux 

rates for these two periods are calculated by numerically integrating the predicted flux rates 

in double precision over the duration periods and then dividing by the 4.2-year and 30-year 

time periods. A Gauss Legend quadrature scheme (Stroud, 1966) is used with 104 

integration points to ensure at least a 5-digit accurate integration of the model's equation. 
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Information needed for estimating the vapor emission rate includes soil porosity, soil bulk 

density, thickness of the contaminated soil, soil moisture content, concentration of the 

chemical of concern in all three phases (total soil solute concentration), and the diffusion 

coefficient of the chemical of concern in air. Table 5-1 contains a summary of the physical 

characteristics of the site soils as determined by HLA. The following site-specific data are 

averages of soil parameters measured at soil samples SB-6 taken at a depth of 25.5 feet and 

SB-11 taken at a depth of 20.5 feet. 

Soil bulk density (Rho) = 1.58 g/cm3 

Total porosity (Pt) = 0.42 cm3/cm3 

Vol. water content (Pw) = 0.20 cm3/cm3 

Vol. air content (Pa) = 0.22 cm3/cm3 

Grav. water content (Grav) = 0.127 g/g. 

Sample Soil taken at 30.5 feet and sample SB-9 taken at 35.5 feet had high volumetric water 

content that would indicate that the samples were taken in saturated soil; therefore, they 

were not used in this analysis. 

The depth of contamination was assumed to be 40 feet for all chemicals of concern. This 

corresponds to the average maximum depth at which chemicals were detected in the soil. 

The initial chemical concentration, Co, also referred to as the total soil solute concentration 

Ct, can be approximated by the following equation: 



TABLE 5-1 

WEIGI~TIVOLUhiE RELATIONSHIPS OF SOILS 
ANALYSIS RESULTS 

L * Performed by HLA Testing Services, September 6, 1991 6 Volumetric Water Content is calculated as Volume of Water divided by Total Volume. 
00 
% Volumetric Air Content is calculated as Volume of Voids minus Volume of Water divided by Total Volume. 

BORING LOCATION: 

SAMPLE DEPTH (FT): 

SOIL CLASSIFICATION: 

MOISTURE CONTENT (96): 

DRY DENSITY (PCF): 

WEIGHT OF DRY SOIL (GM): 

SPECIFIC GRAVITY: 

VOLUME OF SOLID (CC): 

VOLUME OF VOIDS (CC): 

VOID RATIO: 

VOLUME OF WATER (CC): 

VOLUMETRIC WATER CONTENF (%): 

VOLUMETRlC AIR CONTENT"%): 

TOTAL POROSITY: 

SB-6 

25.5 

(SP-SM) 

9.4 

101 .O 

246.4 

2.68 

91.9 

60.0 

0.653 

23.1 

15.2 

24.3 

0.395 

SB-6 

30.5 

(ML) 

28.8 

93.9 

228.8 

2.72 

84.1 

67.9 

0.807 

65.8 

43.3 

1.4 

0.447 

SB-9 

35.5 

(CL) 

15.9 

116.4 

283.5 

2.74 

103.5 

48.5 

0.469 

45.2 

29.7 

2.2 

0.319 

SB-11 

20.5 

(SM) 

13.7 

94.6 

230.5 

2.73 

84.4 

67.5 

0.800 

31.6 

20.8 

23.7 

0.444 
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Ct = JSoil)(Rho)(l + Grav) 

1 0  g/kg 

Where: 

Soil = Average concentration of contaminant in soil (mg/kg) 

Rho = Dry bulk density (1.58 g/cm3) 

Grav = Gravimetric water content (0.127 g/g). 

(Equation 1) 

The 95th percent upper confidence limits of the arithmetic mean soil concentrations of the 

subsurface samples (greater than 2-foot depth) in Areas A, B, and C are used as a 

representative concentration of contaminant in soil. The sample borings in Areas A, B, and 

C, and the subsurface chemical concentrations measured in these borings, have been 

summarized previously in Section 2.0. These concentrations are used to obtain total soil 

solute concentrations, via equation # 1 above. The total soil solute concentrations are then 

entered into the Jury BAM to obtain soil flux rates. The 95th percent upper confidence 

limits of the subsurface soil samples are presented in Table 2-6. The values for Koc, 

Hemy's Constant, air-gas diffusion coefficient, and total soil solute concentration for the 

chemicals of concern are presented in Appendix B. 

Jury BAM input parameters and results for each chemical of are presented in Appendix B. 

Appendix B also contains a detailed sample calculation of emission rates using acetone as 

an example. The flux rates predicted by the Jury BAM for the residential and occupational 

scenarios are presented in Appendix B and provide the basis for estimating on-site ambient 

air concentrations. 



BASELINE RISK ASSESSMENT 
McKESSON-SANTA FE SPRINGS 
October 26, 1992 
Page 5 - 6 

5.2 Air Dispersion Modeling 

To evaluate potential contaminant uptake via inhalation, the ambient air concentrations for 

the chemicals of concern are determined from the emission rates. As described below, the 

Box Model is used to estimate on-site ambient air concentrations. 

5.2.1 Box Model 

A variety of methods and model adaptions can be used to predict on-site concentrations. 

Some of the approaches, generally those easiest to apply, are overly simplistic and result in 

considerable overestimation of actual concentrations. However, these simplistic models can 

be used as screening tools to determine whether on-site exposure to vapors represents a 

potential human health hazard. 

One of the simplest approaches to the prediction of on-site concentrations is what is 

commonly called a "box" model. A box model is a simple mass-balance equation that uses 

the concept of a theoretically enclosed space or box over the area of interest. The model 

assumes the emission of compounds into a box, with their removal based on wind speed 

(conservatively assumed to be 2 m/sec). Airborne concentrations for this enclosed space 

can then be calculated and used as the on-site air contaminant concentration. The box 

model fails to fully take into account the various processes of dispersion and may lead to 

the prediction of relatively high-exposure concentrations even at relatively small flux rates. 

The exposure concentration in the theoretical box is calculated using the following equation: 
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Box Concentration (mg/m3) = (F)(A)/([u][h][l]) 

Where: 

F = Flux rate of chemical of concern predicted by BAM (mg/m2-sec) 

A = Emitting area assumed to be the sum of Areas A, B, and C. 

u = Wind speed (2 m/sec) 

h = Height of the box (2 m) 

1 = Length of box (length of the site = 135 m). 

The Box model input parameters and results are presented in Appendix C. The on-site 

airborne contaminant concentration estimates for the residential and occupational scenarios 

are presented in Appendix C. These concentrations are used to calculate uptake via 
I 

inhalation in Section 7.0. 

As shown in Appendix H of the remedial investigation report, these predicted concentrations 

are in some cases greater than concentrations that currently exist on the site property. For 

example, the predicted concentration of tetrachloroethene is 34 ppb, yet the air sampling 

results clearly indicate that on-site ambient concentrations of tetrachloroethene were not 

detectable at a limit of detection of 10 ppb. This illustrates the conservative nature of the 

modeling assumptions. In addition, it is important to note that the modeling conditions 

assume no soil cover in the form of pavement, subflooring, etc. Such a covering would likely 

exist in the future, especially in the event of residential development, and therefore, the 

emission estimates should be considered conservative. 
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6.0 TOXICITY ASSESSMENT 

The toxicity assessment section of a risk assessment describes the regulatory dose response 

criteria associated with the chemicals of concern The remainder of this section addresses 

dose response criteria that have been developed by Cal-EPA and USEPA for the chemicals 

of concern. 

Dose-response assessment is the process of characterizing the relationship between the dose 

of an agent and the anticipated incidence of an adverse health effect in an exposed 

population. The bulk of our knowledge about the dose-response relationship is based on 

data collected from animal studies (usually rodents) and theoretical precepts about what 

might occur in humans. When available, human exposure data are also considered and 
t 

given more weight. When animal data are considered, mathematical models are used to 

estimate the possible response in humans at exposure levels far below those tested in 

animals. These models contain conservative assumptions, which should be considered when 

the results (i.e., risk estimates) are evaluated. Conservatism arises in animal models because 

of uncertainty in extrapolating results obtained in animal research to humans and the 

shortcomings of extrapolating responses obtained from high-dose studies to estimate 

responses at very low doses. For example, humans are typically exposed to environmental 

contaminants at levels that are less than one thousandth of the lowest dose tested in 

animals. Such doses may be easily handled by the myriad of biological protective 

mechanisms in humans (Arnes d A., 1987). This means that while we may use the results 

of standard rodent bioassays to understand the human biological hazard or cancer risk posed 

by typical exposure levels, our ability to do so is limited (Crump ad., 1976; Sielkin, 1985). 

The USEPA and Cal-EPA have used dose-response data to establish "maximally 

acceptable* levels of daily human exposure for noncarcinogenic chemicals. For carcinogenic 
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chemicals, regulatory policy assumes a potential carcinogenic response at any dose. 

Carcinogenic potency is a measure of the relationship between dose and tumor incidence. 

The following sections discuss the noncarcinogenic and carcinogenic risk criteria for the 

chemicals of concern.. 

6.1 Noncarcinogenic Health Effects 

All the soil chemicals of concern considered in this assessment are known to cause non- 

carcinogenic health effects at sufficient doses. It is widely accepted that noncarcinogenic 

effects from chemical substances occur after a threshold dose is reached. For the purposes 

of establishing health risk criteria for noncarcinogenic effects, the threshold dose is usually 

estimated from the no-observed adverse effect level (NOAEL) or the lowest observed 
I 

adverse effect level (LOAEL) determined in chronic animal exposure studies. The NOAEL 

is defined as the highest dose at which no adverse effects appear. The LOAEL is defined 

as the lowest dose at which adverse effects begin to appear. 

NOAELs and LOAELs derived from human or animal studies are used by the USEPA to 

establish oral and inhalation reference doses (RfDs). An R£D is a maximal daily dose that 

is not expected to cause adverse health effects. Uncertainty factors are used to establish 

RfDs in an attempt to account for limitations in the quality or quantity of available data. 

Similarly, the CAPCOA guidelines contain 'acceptable exposure levels" (AELs) that are 

maximally acceptable daily air concentrations or daily doses that are not expected to cause 

adverse health effects. If the estimated dose or air concentration for a given set of 

conditions is less than the chemical-specific RfD or AEL, then it is appropriate to conclude 

that no significant health hazard exists under the defined set of conditions. 
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For the purposes of this assessment, inhalation and oral RfDs established by the USEPA 

are used whenever possible. These values may be found in the USEPA's 1991 Health 

Effects Assessment Summarv Table (USEPA, 1991b). Values which have been peer- 

reviewed and approved by USEPA scientists also appear in the Integrated Risk Information 

System (IRIS). As shown in Table 6-1, the USEPA has not established an inhalation RfD 

for 1,l-dichloroethene, 1,2-dichloroethane, 1,2-dichloroethene, acetone, tetrachloroethene, 

or trichloroethene. For the purposes of this assessment, the CAPCOA AELs of 0.64 mg/m3 

for trichloroethene and 0.095 mg/m3 for 12-dichloroethane are converted to inhalation 

RfDs of 0.18 mg/kg-day and 0.027 mg/kg-day, respectively, using the following equation: 

Inhalation FUD (mg/kg-day) = CAPCOA AEL (me/m3) x 20 m3/day 
70 kg 

This conversion is consistent with current Cal-EPA guidance. The USEPA oral IUD of 

1 x 10" mg/kg-day is used as the inhalation RfD for tetrachloroethene. For the remaining 

chemicals for which there are no USEPA or CAPCOA inhalation criteria, noncancer 

hazards are not assessed (1,l-dichloroetbene, 1,2-dichloroethene, and acetone). For the 

purposes of this assessment, the inhalation RfDs derived above for trichloroethene and 1,2- 

dichloroethane are also used to represent the oral IUD. This is a conservative measure, 

since significantly less chemical would be expected to be absorbed via soil ingestion Since 

regulatory agencies have not set dermal RfDs, it is standard practice to use the oral RfDs 

as surrogate values for dermal REDS. The REDS used in this assessment for each exposure 

pathway are summarized in Table 6-1. 
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6.2 Carcinogenic Health Effects 

Regulatory agencies have generally assumed that carcinogenic agents should be treated as 

if they do not have thresholds. In short, the dose-response curve for carcinogens used for 

regulatory purposes only allows for zero risk at zero dose (i.e., for any dose, some risk is 

assumed to be present). To estimate the theoretical plausible response at low 

environmental doses, various mathematical models are used to extrapolate high-dose data 

to estimate risk at the low-dose levels. The USEPA generally uses the linearized multistage 

model for low dose extrapolation. This model assumes that the effect of the carcinogenic 

agent on tumor formation is linear. The cancer slope factor (SF) is a toxicity value that 

quantitatively defines the relationship between dose and response. The chemical-specific 

SF represents the upper bound estimate of the probability of a carcinogenic response per 

unit intake of a chemical over a 70-year lifetime. 

The USEPA classifies chemicals into Groups A through E; Group A is designated 'human 

carcinogen" and Group E is designated "noncarcinogen" (with "probable," 'possible," and 

"not classifiable" as Groups B, C, and D, respectively). Quantitative carcinogenic risk 

assessments are performed for chemicals in Groups A and B and may be performed for 

those in Group C on a case-by-case basis (USEPA, 1989a). Table 6-2 summarizes the oral 

and inhalation slope factors that USEPA has established for each of the chemicals of 

concern. For the purposes of this assessment and consistency with USEPA guidance, the 

oral slope factors will be used to represent dermal slope factors. 
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7.0 DOSE CALCULATIONS AND HEALTH RISK ESTIMATES 

This section describes the methods used to estimate the chemical uptake (dose) and 

associated health risks for the exposure scenarios described in Section 4.0. Dose is defined 

as the average amount of chemical systemically absorbed by the body over a given period 

of time. For noncarcinogenic effects, the dose is averaged over the period of exposure and 

is referred to as the average daily dose (ADD). For carcinogenic effects, the dose is 

averaged over a lifetime and is referred to as the lifetime average daily dose (LADD). 
Subsection 7.1 describes the derivation of representative chemical concentrations in surficial 

soils and air. In Subsection 7.2, these chemical concentrations and the exposure estimates 

defined in Subsection 4.0 are input to pathway-specific dose equations to estimate 

contaminant uptake via each soil exposure pathway. Chemical doses associated with 
I 

groundwater exposure are also calculated in section 72. For the purposes of this 

assessment, the maximum chemical concentrations detected in any single well on-site or off- 

site (Table 3-2) are used to assess chemical uptake via incidental groundwater exposure. 

7.1 Representative Chemical Concentrations In Soil 

As previously discussed in Section 5.0, the 95th percent upper confidence limit (UCL) of the 

arithmetic mean of the subsurface soil concentrations (sample depth greater than 2 feet) of 

the chemicals of concern in Areas A, B, and C was input into the Jury vapor emission model 

to predict vapor concentrations at breathing height. The 95th percent UCIs are 

summarized in Table 2-6; the data used to calculate these values are summarized in 

Appendix A The representative vapor concentrations used in this assessment are 

summarized in Appendix C. 
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Similarly, the 95th percent UCLs of the s d c i a l  soil concentrations (sample depth less than 

2 feet) of these chemicals in Areas A, B, and C are used as representative chemical 

concentrations for the soil ingestion and dermal contact exposure pathways. The 95th 

percent UCLs are summarized in Table 2-6 and 7-1; the data used to calculate these values 

are summarized in Appendix k It is appropriate to consider surficial soil only for these 

pathways since this is the depth of soil where direct contact occurs. For the residential 

exposure scenario, which considers a 30-year exposure duration, these soil concentrations 

were adjusted to account for the estimated half-life of the chemicals of concern, as 

referenced in the Handbook of Environmental Denadation Rates (Printup ad., 1991). 

Accounting for chemical degradation is consistent with current USEPA guidance, which 
t 

states that it is appropriate to consider degradation for chemicals or site conditions where 

'leaching, volatilization, photolysis, biodegradation, wind erosion, and surface runoff will 

reduce chemical concentrations over time" (USEPA, 1989a). 

Given the highly volatile nature of the VOCs, and their susceptibility to photolysis and 

microbial degradation, it is reasonable to expect that any chemicals present in the upper few 

inches of soil at the McKesson site will be reduced with time. This is supported by the 

observation that the 05-foot samples taken directly from the runoff control sump (SS-01 

through SS-04) were relatively free of detectable levels of VOCs. 

Chemical degradation that follows a first-order decay process throughout a given time period 

is described by the following equation: 
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Where: 

Dn = amount of chemical decaying per unit time 
dt = increment of time 
k = rate constant (fraction degraded per time for first order reactions) 
N = total amount of chemical present at any given time 

The integrated form of this equation was used to calculate the amount of contaminant 

remaining halfway through the exposure duration: 

= kt 
' N  

Where: 

No = amount of chemical at t = 0 (100 percent) 
N = amount of chemical remaining at time t 
k = rate constant (0.693 i t1/2) 
t = length of time in soil 

The amount of chemical in soil is expressed as a soil concentration, Csl. The following 

equation is used to solve for the average soil concentration (Csl-=) during the child (0-6 

years) and adult (6-24 years) exposure period of the resident: 

Where: 

csl,v,, = representative soil concentration for a particular exposure 
period 

e = 2.718 
Csl,, = soil concentration at the beginning of the exposure period 
k = decay constant (days)" 
t = one-half of the exposure duration (days) 
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Table 7-1 summarizes the soil half-lives used in this assessment. For the purposes of 

assessing uptake, these half-lives were used to calculate the soil concentrations following a 

0- to 6-year and 30-year degradation of the initial soil concentration. The resulting values 

are then used as representative soil concentrations to calculate uptake for the 0- to 6-year 

and 6- to 30-year exposure group, respectively. In most cases, (all except tetrachloroethene) 

the estimated concentrations at the 6-30 year exposure group were very low and for these 

chemicals the 0-6 year estimate was assumed for 6-30 years in order to ensure that risks 

were not underestimated. It is important to note that no chemical degradation was assumed 

when deriving estimates of vapor emissions and breathing zone concentrations over time. 

Since some degree of degradation in subsurface soil would be expected to occur, the vapor 

concentration estimates are conservative. 

t 

72 Dose Calculations 

This section presents the methods used to calculate dose for each exposure pathway. The 

surficial soil contaminant concentrations summarized in Table 7-1, the vapor concentrations 

summarized in Appendix C, the groundwater contaminant concentrations summarized in 

Table 3-2, and the exposure estimates described in Section 4.0 are input into the equations 

to yield a dose estimate. The dose equations are consistent with the equations presented 

in Cal-EPA's (formerly the California Department of Health Services) draft Scientific and 

Technical Standards for Hazardous Waste Sites (Cal-EPA, 1990). Appendix D presents the 

dose calculation spreadsheets and health risk estimates for each exposure scenario. The 

health risk estimates are discussed in detail in Section 8.0. 
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72.1 Vauor Inhalation 

Chemical uptake via inhalation of soil vapors is calculated according to the following 

equation: 

Dose = C x I R x E T x E F x E D x B  
BW x AT 

Where: 

Dose = 

Variable Values: 

Dose associated with the inhalation route for each chemical of concern 
(mglkg-day) 
Vapor concentration derived from the fate and transport model 
(mg/m3) 
Inhalation rate (m3/hr) 
Exposure time (hours/day) 
Exposure frequency (days/year) 
Exposure duration (years) 
Bioavailability (unitless) 
Body weight (kg) 
Averaging time - time period over which exposure is averaged (days) 

Derived from Box model for on-site concentrations 
1.25 m3/hr. (occupational adult); 0.83 m3/hr. (residential adult); 0.44 
m3/hr. (residential child). 
8 hrs/day (occupational adult); 24 hrs/day (residential adult and child) 
250 days/year (occupational adult); 350 dayslyear (residential adult 
and child) 
4.2 years (occupational); 30 years residential: 6 years (child); 24 
years(adu1t) 
1 (100 percent) 
70 kg (adult); 15 kg (child) 
70 years x 365 days/year (carcinogens) ED x 365 days/year 
(noncarcinogens) 
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Sample Calculation: 

The lifetime average daily dose of 1,Zdichloroethane via vapor inhalation for the adult 

resident is calculated as follows: 

Dose = C x I R x E T x E F x E D x B  
BW x AT 

Where: 

3.12 x  104mg/m3 
0.83 m3/hr. 
24 hrs/day 
350 dayslyear 
24 years 
1 
70 kg 
25,550 days 

Therefore: 
(3.12 x lo4 mg/m3) x  (0.83 m3/hr.) x (24 hrs./day) x  

Dose = (350 davslvear) x  (24 years) x  (1) 
(70 kg) x  (25,550 days) 

72.2 Soil Ingestion 

Chemical uptake via ingestion of s&dal soil is calculated according to the following 

equation: 

Dose = C x I R x C F x E F x E D x B  
BW x  AT 
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Where: 

Dose = Dose associated with the soil ingestion route for each chemical of 
concern (mglkg-day) 
Soil concentration (mglkg) 
Soil ingestion rate (mglday) 
Conversion factor (lo4 kglmg) 
Exposure frequency (dayslyear) 
Exposure duration (years) 
Bioavailability (unitless) 
Body weight (kg) 
Averaging time - time period over which exposure is averaged (days) 

Variable values: 

C = Soil concentration derived from the 95th percent UCL of the 
arithmetic mean concentration of surficial soil samples. 

IR = 50 mglday (occupational adult); 100 mg/day (residential adult); 200 
mg/day (residential child) 

EF = 250 dayslyear (occupational adult); 350 dayslyear (residential adult 
and child) 

ED = 4.2 years (occupational adult); 30 years residential: 6 years (child), 24 
years (adult) 

B = 1 (100 percent) 
BW = 70 kg (adult); 15 kg (child) 
AT = 70 years x 365 days/year (carcinogens); ED x 365 days/year 

(nonwcinogens) 

Sample calculation: 

The lifetime average daily dose of 1,Zdichloroethane via soil ingestion for a child resident 

is calculated as follows: 
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Dose = C x T R x C F x E F x E D x B  
BW x AT 

Where: 

4.08 x 10" mg/kg 
200 mg/day 
1 x lo4 kg/mg 
350 dayslyear 
6 years 
1 
15 kg 
25,550 days 

Therefore: 
(4.08 x 10' mg/kg) x (200 mglday) x (1 x lo4 kglmg) x 

Dose = (350 davs/vear) x (6 vears) x (1) 
(15 kg) x (25350 days) 

7.2.3 Dermal Contact with Soil 

Chemical uptake via dermal contact with surficial site soil is calculated according to the 

following equation: 

Dose = C x S A x C F x E F x E D x A F x B  
BW x AT 

Where: 

Dose = Dose associated with the dermal contact route for each chemical of 
concern (mg/kg-day) 

C = Soil concentration (mglkg) 
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Surface area of exposed skin (cm2) 
Conversion factor (10d kg/mg) 
Exposure frequency (dayslyear) 
Exposure duration (years) 
Soil to skin adherence factor (mg/cm2-day) 
Bioavailability (unitless) 
Body weight (kg) 
Averaging time - time period over which exposure is averaged (days) 

Soil concentration derived from the 95th percent UCL of the 
arithmetic mean concentration of surficial soil samples. 
3,900 cm2 (adult); 1,520 cm2 (child) 
250 days/year (occupational adult); 350 dayslyear (residential adult 
and child) 
4.2 years (occupational adult); 30 years (residential); 6 years (child), 24 
years (adult) 
0.5 mg/cm2-day 
0.1 (10 percent) 
70 kg (adult); 15 kg (child) 
70 years x  365 dayslyear (carcinogens); ED x  365 dayslyear 
(noncarcinogens) 

Sample calculation: 

The lifetime average daily dose of 1,2-dichloroethane via dermal contact with soil for a child 

is calculated as follows: 

Dose = C x S A x C F x E F x E D x A F x B  
BW x  AT 

Where: 



BASELINE RISK ASSESSMENT 
McKESSON-SANTA FE SPRINGS 
October 26, 1992 
Page 7 - 11 

1,520 cm2 
1 x 106 kg/mg 
350 days/year 
6 years 
05 mg/cm2-day 
0.1 
1s kg 
25,550 days 

Therefore: 

(4.08 x lo-' mg/kg) x (1,520 cm2) x (1 x 106 kg/mg) x 
Dose = (350 davs/vear) x  (6 vears) x (0.5 mg/cm2-dav) x (0.1) 

(15 kg) x  (25,550 days) 

t 

7.2.4 Incidental Ingestion of Groundwater 

Chemical uptake via incidental ingestion of groundwater is calculated according to the 

following equation: 

Dose = C x I R x E F x E D  
BW x AT 

Where: 

Dose = Dose associated with incidental groundwater ingestion route for each 
chemical of concern (mg/kg-day) 

= Chemical concentration in groundwater(rng/L) 
= Incidental ingestion rate (L/day) 
= Exposure frequency (days/ytar) 
= Exposure duration (years) 
= Body weight (kg) 
= Averaging Time-time period over which exposure is averaged (days) 

Variable Values: 
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C = Maximum chemical concentration measured in any on or off-site 
well (Table 3-2) (mg/L) 

IR = 0.05 L/day 
EF = 52 days/year 
ED = 30 years (6 years child, 24 years adult) 
BW = 70 kg (adult); 15 kg (child) 
AT = 70 years x 365 dayslyear (carcinogens); ED x 365 

dayslyear (noncarcinogens) 

Sample Calculation: 

The lifetime average daily dose of 1,2-dichloroethane via incidental ingestion of groundwater 
for a child resident is calculated as follows: 

Dose = CxIRxEFxED 
BW XAT 

I Where: 

C = 20 mg/L 
IR = 0.05 L/day 
EF = 52 dayslyear 
ED = 6years 
BW = 15kg 
AT = 25550 days 

Therefore: 
Dose = (20 mg/L) x (0.05 L/dav) x  (52 davs/vear) x (6 vears) 

(15 kg) x  (25,550 days) 

72.5 Incidental Dermal Contact with Groundwater 

Chemical uptake via incidental dermal contact with groundwater is calculated by the 

following equation: 
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Dose = C C  
BW x AT 

Where: 

Dose = 

Variable Values: 
I 

Dose associated with incidental dermal contact with groundwater 
(mg/kg-aay) 
Chemical concentration in groundwater (mg/L) 
Exposed skin surface area (cm2) 
Permeability constant (cm/hr) 
Exposure time (br/day) 
Exposure frequency (days/year) 
Exposure duration (years) 
Conversion factor (1 L/1,000 an3) 
Body Weight 
Averaging time- time period over which exposure is averaged (days) 

Maximum chemical concentration measured in any on- or off-site 
well (Table 3-2) (mg/L) 
3900 cm2 (adult); 1520 cm2 (child) 
8.4 x 104 m/hr  
1 hour/day 
52 days/year 
30 years (6 years child, 24 years adult) 
70 kg (adult); lSkg (child) 
70 years x 365 days/year (carcinogen); 
ED x 365 days/year (noncarcinogens) 

Sample Calculation: 

The lifetime average daily dose of 1,2-dichloroethane via dermal contact with 
groundwater for a child resident is calculated as follows: 

Dose = C x S A x P C x E T x E F x E D x C F  
BW x AT 

Where : 
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8.4 x 10 cm/hr 
1 howday 
52 dayslyear 
6 years 
1 L/loOo cm3 
1s kg 
25,550 days 

Therefore: 

Dose = (20 mg/L) x (1520cm2) x (8.4 x 1p cmlhr) x (1 hour/day) x 
152 dayslyear') x 6 years) x (1 L/1000 cm3) 

(15 kg) x (25,550 days) 

Tables 7-2 through 7-6 summarizes each chemical dose by each pathway. Appendix D 

contains all the calculation spreadsheets for each chemical for each pathway. Exposure 

factors and time-dependent representative chemical concentrations for each group are 

clearly defined. Average daily doses (ADDS) and lifetime average daily doses (LADDs) are 

summed where appropriate, and the estimated health risks are summarized. Section 8.0 

describes the health risk estimates in detail. 
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Table 7-3 Chrmical Dou For Soil Ingertion Pathway (mglkg-day)' 
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I 



Table 7-6 Chemical Dore For Incidental Dermal Contact With Groundwater Pathway (mgkgday)' 

ADD = Avenge daily dose for nonurcinogcnic effects. 
LADD = Lifetimc avaagc daily dose for carcinogenic effects. 

I 
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8.0 RISK CHARACI'ERIZATION 

This section of the risk assessment summarizes and characterizes the health risk estimates 

derived in Section 7.0. Subsections 8.1 and 8 2  describe the noncancer and cancer health 

risk estimates, respectively. Subsection 8 3  analyzes the conservatism in these estimates via 

an examination of the health risk estimates described by a range of reasonable exposure 

factors, rather than %xed" default values. 

8.1 Noncancer Hazard 

The noncancer hazard is determined by summing the ratios of the average daily dose/ RED 
(hazard quotient) for each chemical in each exposure pathway. The sum of the hazard 

I 

quotients is referred to as the 'hazard index" (HI). If this total sum is greater than 1, there 

may be potential health effects. This is considered conservative method. Specifically, it is 

more appropriate to sum the ratios of average daily dose/RfD for those chemicals that act 

on the same target organ (i.e., respiratory tract, liver, etc.). However, summing the average 

daily dose/RfD of all chemicals is used here as a conservative approach. Hazard indices 

were calculated for each receptor age-group (i.e., occupational adults, residential adult, and 

residential child). Tables 8-1 through 8-3 summarize the hazard quotients for each chemical 

via each exposure pathway for each scenario. These values were calculated by dividing the 

ADDS in Tables 7-2 through 7-6 by the RfDs in Table 6-1. Table 8-4 summarizes the 

hazard indices by pathway and the total hazard index for each scenario. 

Future On-Site Worker 

As shown in Table 8-1, individual hazard indices for the exposure pathways (vapor 

inhalation, dermal contact with soil, and soil ingestion) are all less than one. The total 
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Table 8-4 Pathway Contribution To Total Hazard Indexg 

Dermal Contact With Soil 
Incidental Groundwater Ingestion 
Dermal Contact With 

* All pathway-specific values W from Tables 8-1 through 8-3. 
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hazard index for the worker is 0.8 (see Table 8-4), therefore under the conditions described 

in this assessment the chemicals of concern would not pose a noncancer hazard. 

Future On-Site Resident (Child) 

Table 8-2 summarizes the individual hazard indices for the following exposure pathways: 

vapor inhalation, soil ingestion, dermal contact with soil, incidental ingestion of groundwater, 

and incidental dermal contact with groundwater. The individual hazard indices for the soil 

ingestion, dermal contact with soil, and incidental dermal contact with groundwater pathways 

are less than one. The vapor inhalation and incidental ingestion of groundwater are greater 

than or equal to one (1.0 and 11, respectively), therefore the total hazard index for the child 

may pose a significant noncancer hazard. 

I Future On-Site Resident (Adult) 

For the adult resident, with the exception of the individual hazard index for the incidental 

groundwater ingestion pathway, the hazard indices are all less than one (see Table 8-3). As 

presented in Table 8-4, the total hazard index for the adult resident is 3.0 and is primarily 

due to the groundwater ingestion pathway. Since the total hazard index is greater than one, 

this suggests that the adult exposures to chemicals in soils and groundwater may pose a 

potential noncancer hazard. 

8 3  Carcinogenic Risks 

For carcinogens, risks are estimated as the incremental probability of an individual 

developing cancer over a lifetime as a result of exposure to the potential carcinogen. The 

lifetime average daily dose is multiplied by the slope factor (SF) to determine the 

incremental risk of an individual developing cancer. To calculate residential cancer risks, 

the lifetime average daily dose is calculated separately for the adult and child receptors, 
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summed as the total LADD, and then multiplied by the SF for each chemical in each 

exposure pathway. Tables 8-5 and 8-6 summarize the estimated increased cancer risks for 

each chemical via each pathway. These values are calculated by multiplying the LADDs in 

Tables 7-2 through 7-6 by the slope factors in Table 6-2. Table 8-7 summarizes the total 

estimated increased cancer risks for each pathway and the total cancer risks for the 

occupational and residential scenarios. For the soil exposure pathways, cancer risks range 

from 1 x 104 (occupational soil ingestion) to 1 x lC5 (vapor inhalation by future on-site 

resident). Cancer risks associated with groundwater exposure are higher, ranging from 1 x 

lo4 for incidental dermal contact to 3 x for incidental ingestion. 

The risk level of 1 in 1 million (1 x 10') is often perceived as a 'benchmarkw (i.e., many 

in the scientific and regulatory community believe that a theoretical increased cancer risk 
t of greater than 1 x 10' is indicative of significant risk). However, a review of the literature 

indicates that, in reality, theoretical risk levels in excess of 1 x lo4 are often considered 

acceptable by regulatory agencies. For example, Travis a a. (1987) conducted a 

retrospective examination of the level of risk that triggered regulatory action in 132 

decisions. Three variables were considered: (1) individual risk (an upperlimit estimate of 

the probability that the most highly exposed individual in a population will develop cancer 

as a result of a lifetime exposure), (2) population risk (an upperlimit estimate of the number 

of additional incidences of cancer in the exposed population), and (3) population size. The 

findings of Travis a A. (1987) can be summarized as follows: 

(1) Every chemical with an individual lifetime risk above 4 x 1C3 received 
regulation. Those with values below 1 x lo4 remained unregulated. 

(2) For small populations, regulatory action never resulted for individual risks 
below 1 x 104. 
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Table 8-7 Pathway Contribution To Total Cancer Risk 

* Value in parenthesis is soil exposure pathways only. 
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(3) For effects resulting from exposures to the entire United States population, 
a risk level below I x lo4 never triggered action; above 3 x lo4 always 
triggered action. 

In short, regulatory agencies have found risks far in excess of I x 1@ acceptable if 

experienced by small populations. In the State of California, an increased cancer risk of 

1 x l(r5 for large populations has been used as an acceptable 'benchmarkw for setting 

regulatory policy. Specifically, an estimated increased cancer risk of 1 x 10" or less is 

considered insignificant under the 1986 Safe Drinking Water and Toxics Enforcement Act. 

In addition, increased cancer risk levels of I x 10'S or less are considered insignificant for 

compliance with the Air Toxics "Hot Spots" Bill (AB 2588). 

I 8 3  Probabilistic Assessment of Residential Contaminant Uptake 

The state of California does not have guidance on appropriate methods for conducting 

probabilistic risk assessment. However, it has recently been proposed that health risk 

assessments would be much improved if probability distribution frequencies (PDFs), rather 

than conservative point" exposure estimates, were incorporated into the exposure 

assessment process (Paustenbach, 1990; Finkel, 1990). In other words, instead of using 

single percentile values to represent chemical concentrations and exposure estimates (and 

thereby deriving a single value as the dose estimate), a range of measured chemical 

concentrations and reasonable exposure estimates are used to develop a range of chemical 

doses and their associated probabilities. This approach permits an evaluation of potential 

risks and appropriate risk management measures that is more informed than that provided 

by a single point estimate derived without any associated measure of confidence or 

probability. 
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Several recent papers have suggested that a Monte Carlo analysis of exposure parameter 

PDFs is perhaps the most sound approach to preparing a probabilistic" risk assessment. 

Using this method, PDFs for the chemical concentrations and exposure parameters are 

generated by inputting the data distribution type (e.g., normal, lognormal, etc.) and the 

mean and the range of the values into an Excel spreadsheet. Commercially available 

software programs (e.g, @RISKTM) are then used to simulate the PDF of the parameter. 

The Monte Carlo simulation chooses values from each PDF at a frequency relative to the 

probability" of the value in the distribution. For example, in calculating contaminant 

uptake via soil ingestion, the 10th and 95th percentiles of the soil ingestion rate PDF are 

chosen approximately 10 percent of the time, while the 50th percentile is chosen 

approximately 50 percent of the time (assuming that the soil ingestion rates are normally 

distributed). If the data distribution cannot be described by a standard distribution type, the 
I 

data may be input directly with no specified distribution ("bootstrappingw). Using this 

application, the program chooses randomly from the input data with no specified frequency. 

From the concentration and exposure parameter PDFs, the Monte Carlo simulation 

generates a dose PDF which provides a description of the probability associated with any 

estimated dose. The advantage of this approach is that the assessor is not forced to rely on 

the repeated use of "fixed" conservative assumptions to evaluate dose and risk estimates. 

Instead, the full range of possible values and their likelihood of occurrence are incorporated 

into the analysis to produce a range and probability of expected exposure levels. 

The dose and health risk estimates described in Sections 7.0 and 8.0 are based on point 

exposure estimates which are primarily 50th and 95th percentile values. In this section, 

residential contaminant uptake via soil ingestion and vapor inhalation is reevaluated using 

PDFs for the key exposure estimates, as described below. These two pathways were chosen 
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for evaluation because they comprised greater than 90 percent of the hazard index and 

increased cancer risk. 

8.3.1 Soil Ineestion 

Soil Ingestion Rate 

As described in Section 4.0, children consume more soil than any other age group and, as 
a result, numerous studies of soil ingestion rates in children have been conducted. The most 

thorough and rigorous studies to date are those by Calabrese a A. (1989), Davis A. 
(1990), and Van Wijnen et al. (1990). In the Calabrese study, eight different tracer 

elements (Al, Ba, Mn, Si, Ti, V, Y, and Zr) were quantitatively evaluated in the stools of 
I 65 school children, age 1 to 4 years. In subsequent validation studies, Calabrese and Stanek 

(1991a; 1991b) developed a model to measure the precision of the soil ingestion rates 

calculated for each of the tracers used in their 1989 study and those used by Davis a A. 
The model validated the results for only two of the tracers (Zr and Ti) in the Calabrese a 
d. 1989 study and none of the tracers used in the Davis study. Since the confidence interval 

for Zr was more narrow than that for Ti, Calabrese and Stanek (1991b) concluded that the 

results for Zr are the most accurate. For the purposes of this evaluation, the frequency 

distribution of soil ingestion rates for Zr is used to represent a child's soil ingestion rate. 

The 50th and 95th percentile values associated with this distribution are 16 mg/day and 27 

mg/day, respectively. 

As described in Section 4.0, current USEPA guidance suggests the use of 200 mg/day as a 

conservative estimate of 'average" soil ingestion rates for children (USEPA, 1991a). This 

value is based on the tracer studies of Binder (1986) and Clawing (1987). It is important 

to note that these studies predate the more rigorous studies of Calabrese and Davis, and 
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they did not account for non-soil contributions (food, water, toothpaste, medicines, etc.) to 

the level of tracers appearing in the feces. Hence, the range of values reported in the 

Calabrese studies appear to be the most accurate estimate to date of children's soil 

ingestion rate. 

There are little or no reliable quantitative data available for estimating adult soil ingestion 

rates. As described in Section 4.0, USEPA risk assessment guidance suggests a soil ingestion 

rate of 100 mg/day for adults, based primarily on an estimate of 65 mg/day (Hawley, 1985). 

However, Hawley's estimate was not based on quantitative tracer data, and therefore, the 

USEPA estimate is not strongly supported by the literature. Since the validated median soil 

ingestion rates determined for children in the Calabrese (1991b) study are 16 mg/day and 

55 mg/day for Zr and Ti, respectively, it is reasonable to expect that adult soil ingestion 
I rates are 10 mg/day or less, as suggested by Paustenbach (1987). However, since the 

existing database for adult soil ingestion rates is so limited, this probabilistic evaluation 

considers only a child's exposure. 

Soil Concentration 

For the purposes of this evaluation, only tetrachloroethene is addressed for soil ingestion 

since it is estimated to pose the majority of the risk for this pathway. The tetrachloroethene 

values measured in the surface soil (0- to 2-foot depth) are given a discrete uniform 

distribution ('bootstrappedW). 

Exposure Duration 

A PDF for residential tenure was generated from data described in Table IV of USEPA's 

Distributions and Ex~ected Times of Residence for U.S. Households (USEPA, 1991~). 
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From these data, which include all households (renters and homeowners), a truncated 

normal PDF is derived with a median (50th percentile) value of 3.49 years and a maximum 

of 37 years. 

Bodv Weight 

For children and adults, a PDF of body weights was derived from body weight data given 

in the USEPA's Emosure Factors Handbook (USEPA, 1989b). The 50th percentile body 

weight for a child (males and females) is 15.4 kg with a standard deviation of 0.007 kg; the 

50th percentile body weight for an adult (males and females) is 64.2 kg with a standard 

deviation of 132 kg. The PDF for adult body weight is shown in Figure 8-1. 

1 

For the remaining exposure parameters (bioavailability, fraction of contaminated area, 

exposure frequency, and averaging time), the point estimates described previously in 

Section 4.0 are employed. It is important to note that no chemical degradation is assumed 

in the Monte Carlo analysis. 

83.2 V a ~ o r  Inhalation 

Inhalation Rates 

For children and adults, uniform distribution frequencies of inhalation rates are generated 

from data provided in the USEPA's Exposure Factors Handbook (USEPA, 1989b). For 

adults, it is assumed that 50 percent of the time spent on-site is resting, 50 percent is 

engaged in light activity. This distribution yields a minimum value of 0 2  m3/hr and a 

maximum of 0.83 m3/hr. For children, an infant (0 to 1 years) was assumed to be resting 

100 percent of the time; a child (1 to 6 years) was assumed to be resting 50 percent of the 
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time and engaged in light activity 50 percent of the time. This distn'bution yields a 

minimum value of 0.13 m3/hr. and a maximum of 059 m3/hr. 

The chemical concentration data in the subsurface soil for all five chemicals of concern 

passed the modified Kolmogorov-Smirnov test for lognonnality. Accordingly, a lognormal 

distribution of subsurface soil data was used to derive a lognormal distribution of vapor 

concentrations through multiple iterations of the Jury and Box models. The PDF for 

methylene chloride in subsurface soils is shown in Figure 8-2. 

For the remaining exposure parameters (bioavailability and averaging time) the point 
I 

estimates used previously were employed. The body weight and exposure duration PDFs 

described for soil ingestion are also used in the Monte Carlo analysis of vapor inhalation. 

A Monte Carlo analysis of the above PDFs was used to solve the dose equations for 

approximately 3,000 to 5,000 iterations. Appendix E contains a summary of the cancer risk 

and hazard index percentile for each pathway examined. Figure 8-3 illustrates the cancer 

risk PDF for inhalation. Table 8-8 compares selected median (50th percentile) and 95th 

percentile hazard index and cancer risk values with the 'reasonable maximal exposurew 

(RME) estimates that were generated in Sections 7.0 and 8.0 using point estimates. For all 

pathways examined, the RME is orders of magnitude greater than the 50th percentile risk 

and is also greater than the 95th percentile values except for the child soil ingestion hazard 

index which is in the same order of magnitude. The difference between the percentile 

values generated by probability frequencies and the RME value would be even more 

dramatic if chemical degradation had been considered in the Monte Carlo analysis. In 







TABLE 8-8 

COMPARISON OF THE SOTH AND 95TH PERCENTILE HAZARD IIWIICES AND 
CANCER RISICS OBTAINED VIA A PROBABILISTIC ANALYSIS VS. THE RME* 

* RME = Reasonable Maximal Exposum; RME values takca from Tables 8-1, 8-2, and 84. 
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summary, this analysis supports the conclusion that the health risk estimates described in 

Subsections 8.1 and 8 2  are conservative. 
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APPENDIX A 

SUMMARY OF SOIL AND GROUNDWATER ANALYSES 
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TABLE A-1 
(Continued) 

Location 
ID 

--- 

SS-02 
SS-03 
S - 0 3  
SS-04 
SS-04 

S a m  Date 
Deplh ( I t ]  Collected 
- 
1.0 1/18/90 
0.5 1/18/90 
1.0 7/18/90 
0.5 ? / l l /W 
1 .O 1/11/90 

],I,]-Tri- 
chloro- 
ethane 

(0. 05 
(0.05 
(0. 05 
(0.05 
(0.25 

SUMMARY OF SOII, ANALYSIS - EPA MEllIOD 8240 COMMIUNDS 

Helhylene 
Chloride 

(0.1 
(0.3 
(0.3 
(0.3 
(1.5 

Tetra- 
chlom- 
ethene 

Tr i -  
chloro- 
e t hene 

-. - - - - - - 
<O. 05 
(0.05 
(0.05 
(0.05 
(0.25 

z 
R 

x 
8 Motes: 1. I11 values I n  a l l l i g r a s  per k l l o g r ~  (mg/kp) 

H o 2. Corpolnds shown are those detected a t  om or mre  swple locations. 
K Q) 

OD 3. See Ippendlrr for l abon toq  data reports. 
0 0 
a\ 

4. fll indicates tram. HA = llot Ilnallred. 
0 
P 
0 

I,!-Di- 
chloro- 
e t hene 

(0.05 
(0.05 
(0. 05 
(0.05 
(0.25 

1,2-Dl- 
chloro- 
e t hene 

--- 

<0.05 
(0.05 
(0.05 
(0.05 
(0.25 

Cis-1,2-Di- 
chloro- 
ethene 

M I  
nr 
WII 
M I  
M I  

Trans-1,2- 
Dichloro- 
e t hene 

nr 
HI 
W I  
1 
W I  

I,]-Di- 
chloro- 
ethane 

<0.05 
(0.05 
(0. 05 
(0.05 
(0.25 

1,2-01- 
chlom- 
ethane Benzene 
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01-0s 
01-8s 
18-IS 
10-1Si 
10-8s 
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to-M 
ce-m 
CO-Y 
a-m 
20-m 
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IO-M 
to-m 
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TABLE A-2 
(Continued) 

SIJMMARY OF GROIINDWAIRR ANALYSIS - EPA MEIllOD 624111MO COMRIUNDS 

Trichloro- 2 - I -  l l iphat ic Dibrano- Elhjlnethll- Trinethyl- 
location Date t r i  fl~loro- chlom- Hldrocarbon Clcl ic  chlom- benzene benzene llinfl 
I D  Collected elhane ethane C3 flldrocarbon methane lsoner Iscaner Chloride 

1 
1 
<5 
nn 
11 
(5 
I n  
n 

(10 
1 
nn 
<5 
1111 
nn 

(30 
MA 
R 

(20 
nn 
1111 
(2 
R 
R 

(250 
<I 
(I 
tin 

tim 
1 
nr 
tin 
nn 
R 
nn 
nn 
R 
W I  
111 
1 
M I  
nn 
H I  
MI 
MI 
nn 
nn 
I n  
I n  
111 
M I  
1 
MA 
I n  
1 

z Notes: 1. L I I  values in micflograns per l i t e r  (up/L) 

X 2. Canpolnds shown am those detected a t  one or an smple locations. 
0 
00 

3. See llppendix for laborator1 data reports. 
w 4. TR indicates Trace. 1111 = llot Lnalyred. 
Q) 
00 
W 
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TABLE A-2 
(Continued) 

I,l,l-Tri- Tetra- Tri- 1,l-Di- 1,2-Di- Cis-1,2-Dl- Trans-1,2- 
h t i o n  Date chlom- Methllene chloro- chlom- chloro- chlom- chloro- Dlchloro- 
ID Collected ethane Chloride ethene e t hene e t hene e t hene e t hene e tkne 

1,2-01- 
chloro- 
ethane 

btes: 1. 111 values In  microprims per lltet (uq/L) 
3= 2. Carpotmds shom am those detected at one or mom sarple locations. 
x o 3. Sce Rppendlx for laboratory d a b  reports. 

R Q, 
0 

4.  TR indicates Trace. 11 = Mot hllxed.  
H Q, 

K OD 
0 

P 



- 
TABLE A-2 
(Continued) 

SVMMARY OF (:ROUNDWAlP,R ANALYSIS - EPA MEl l IOD 624111210 COMPOUNDS 

4-Wethyl- 2-Buta- Dichloro- 
location Date Elh1l Total 2-Penlanone none Chlom- f lmm- 
10 Collected Toluene Bent ene Xllenes lcetone (MIEN) (m) f o n  net hane 

1,1,2-tti- l,l,2-Tri 
chloro-1,2,2- f l a ~ o - l , l ,  

Trifluom- trldlon 
ethane ethane 

3 Ibtes: 1. 111 values In ~ l cra~ tas  per Iller (ug/L) 

6 2. C q m d s  shom~ are those detected at OM or lore s q l e  locations. 
Qo 3. See llppendln lor laborstor1 data reports. 

5 4. TR lndlcates Trace. Ill = Not Rnallfed. 
H Q, K UI 



TABLE A-2 
(Continued) 

SIJMMARY OF <;ROIMDWATP.R ANALYSIS - FCA MEllIOD 6Ul8SM COMPOUNDS 

Trichlorp 1 1 2 - i -  Aliphatic D i b m -  Elhllmethll- Trimelhll- 
tocatlon Date triflulro- chlom- Hydrocarbon Clclic chloro- benzene benzene Vinyl 
ID Collected ethane ethane C3 Hldrocarbon methane Isomer lscner Chloride 

SB-20 
51-20 
b-23 
SB-23 
SB-23 
SO-231 
1-231 
1-25 
SO-25 
SB-25 
1-32 
Sb-32 
9- 32 
9-36 
a-01 
SV- 02 
lw-01 
m - 0 1  
07-02 
CPT-03 
CPT-04 
CPT-06 
CPT-01 
m-011 
CPT-09 
CPT-10 
CPT- I1 

E 
Ibtes: 1. 111 values la aicrognns per lltsr (ng/L) 

x 2. C q m d s  shorn are thm detected at one or lore -10 locations. 

5 
o 3. See lppendlr for laboratory dab reports. 
OD 
o 4. l9 l  indicates Tram. Mil = Ibt Ilnalped. 

H Q, 

K 00 

0 
Q, 

0 
0 
P 
m 



!i> I> 06/S~/Ol dim 
0 I) 86/12/01 dlnEO 
6, I) aslcolo arm 
5, I, oalzolo drnllo 
5, I, 06lrola arm 
0000s ooozs ttilozlor 11-ra~ 
el, 5 16/01/6 01-W 
0020 001) ' 16/~0/01 W - W  
01, 16 16/01/t 90-Ul 
00081 00021 I~/CI/Z %-as 
000001 OOOOl1 16/bl/Z CZ-OS 
0000 0008~ 0 6 / ~ ~ / 0 1  CZ-0s 
MOCO ooocg wlcole cz-as 
S) I l 6 / ~ 1 / ~  011-OS 
OOM I 0006s odlzole 11-0s 
9 12 06/10/0 ZO-M 
51) 002 16 l t l l z  lo-m 
05, OtC 06/b2/01 lo-Mi 

sluw puo %i@!rb~ - wbrg WIW A111onb 

ZC 89 011 5, I> 16/62/01 81-Ad3 
CS 19 011 5) S 16l62/01 11-raJ 
001 00 Z 00) 0019 05 l 6 / 8 ~ l 0 1  91-raJ 
009 oc I 029 sz B 091 16/ezlot r t - u J  
001c 059 oooc OZI) oorc 16lozlot ) I - ~ d )  
000C 0001 I 0009C 0002s ~ 0 8 8  16/82/01 CI-UJ 
OOtC 016 0012 001 > 068 I6/8Z/0l Zl-U3 



TABLE A-2 
(Continued) 

SUMMARY OF (;ROUNDWATER ANALYSLS - EPA MP=IIIOD 624- COMPOUNDS 

4-Methyl- 2-Buta- Dlchlotu- 
Locdtiocr Date Ethyl Tolal 2-Penlanone none Chloto- f luoro- 
ID Collected toluene Benzene Xylenes lcelone (NlBKl !m) form methane 

---- -- - ---. -- - - - - - -. - 

11 Saqles - dpllcales and blanks 
!4/% (20 (10 
1/91 (30 (15 
11/90 5 < 1 
12/90 1600 <50( 
2/91 2 (1 
13/90 1500 400 
!5/90 2000 (500 
,4/91 3000 <500 
3/91 2000 < 300 
0191 <4 (2 
R/9l 300 <lo0 
0191 (4 <2 

2000 <500 
I!/* (2 1 
12/90 <2 <I 
13/90 (2 <I 
!4/90 (2 <I 
!5/90 <2 < 1 

g Notes: 1. a11 value6 In n l q r m s  per Ilter (ug/L) 
irl 2. C q o m d s  dmm an those detected at one or lots saple locations. 

5 
8 
0 

3. See llppendlr for labonbq data reports. 
a 4. TR lndlcates trace. M = llot Ilnalyred. 

H QO 

K QO 

0 
m 
0 
P 
03 

1,1,2-trl- 1,1,2-Tri 
Trlchloro- chloro-1,2,2- flmtol,l,. 

f luoro- tri f luoro- trlchlom 
methane ethane ethane 
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SURFICIAL SOIL DATA IN AREAS A, B, AND C 
(mg/kg) 



Mckesson Santa Fe Springs Surficial Soil Data 

TCA = 1.1.1 -Trichloroethane 



Mckesson Santa Fe Springs Surticial Soil Data 



SUBSURFACE SOIL DATA IN AREAS A, B, AND C 
(mg/kg) 



Mckeuon Santa Fe Springs Subsurface Soil Data 

SB-19 
SB-20 
SB-20 
SB-20 
SB-21 
SB-21 
SB-23 
SB-23A 
SB-UA 
SB-23 
SB-24 
SB-24 
SB-25 
SB-25 
SB-25 
SB-26 
SB-26 
SB-26 
SB-27 
SB-27 
SB-27 
SB-30 

0.025 
0.025 
0.025 
0.025 
0.025 
0.025 
0.025 

0.1 
0.09 

0.025 
0.025 
0.025 

03  
0.025 
0.025 
0.025 

0.1 
0.025 
0.025 

0.2 
0.025 
0.025 

0.025 
0.025 
0.025 
0.025 
0.025 
0.025 
0.025 

0.6 
0.87 

0.025 
6.4 

0.025 
0.2 

0.025 
0.3 

0.025 
0.025 
0.025 
0 . m  

0.8 
0.025 
0.025 

0.15 
0.15 
0.15 
0.15 
0.15 
1.1 

0.15 
30 

0.025 
0.025 
0.025 

0.2 
0.025 
0.06 

0.025 
3.1 

0.2 
0 3  

0.025 
0.025 
0.025 

0.1 
0.025 
0.m 

21 
0.15 
0.15 

48 
35  

0.15 
3 

0.15 
3.8 
4.4 

0.15 
23 
26 

120 

0.025 
0.025 
0.025 
0.07 

0.025 
0.025 
0. 025 
0.84 

0.025 
0.025 
0.025 

0.1 
0.025 
0.025 
0.025 
0.025 
0.09 

0.025 
0.025 
0.025 

21 
0.025 

0.5 
0.025 

630 
58 
0.1 

0.W 
0.6 

0.025 
0.07 
0.4 

0.025 
1 

0.8 
lo00 

0.025 
0.025 

33 
6 

0.025 
0.025 

05  
0.025 
0.07 
03 

0.025 
05 
0.4 
17 



Mckesson Santa Fe Springs Subsurface Soil Data 



Mckesson Santa Fe Springs Subsurface Soil Data 

SB- 1 1 0.05 0.025 0.025 0.025 0 5 05 
SB-13 0.05 0.025 0.025 0.025 05 0.5 
SB-13 0.05 0.025 0.025 0.025 9 19 
SB-17A OM 0.025 0.1 0.5 0.5 
SB-19 0.05 0.025 0.025 0.025 05)  0.3 

SB-23 0.63 0.025 0.025 0.025 1 0.5 
SB-23 0.05 0.025 2.6 0.5 0.5 
SB-UA 0.05 0.1 0.2 0.5 05 - - - -- - .- - ~- 

SB-UA 1301 0.025 0.025 1 65 120 
SB-24 1 121 160 0.025 1 0.025 05  05 



hkkesson Santa Fe Springs Subsurface Soil Data 

SB-38 
SB-38 
SB-39 
SB-39 
SB-40 
SB-40 
SB-41 
SB41 
SB-42 
SB42 

1.lDCE = 1.1-Did-e 
1 m E  = 12-Dichlorocthylcne 
MEK = Methyl Ethyl Kctont (2-Bumme) 

0.05 
0.05 
0.05 
0.05 
0.05 
0.05 
0.05 
0.05 
0.05 
0.05 

0.06 
0.025 
0.025 
0.025 
0.025 
0.02s 
0.025 
0.025 
0.025 
0.025 

0.82 
0.025 
0.025 
0.025 
0.025 
0.025 
0.025 
0.025 
0.025 
0.025 

05 
05 
0.5 
0.5 
4.5 
05  
0.5 
05 

6 
13 

05 
05 
05 
27 
05 
05 
05 
49 
95 
05 



APPENDIX B 

METHODS FOR PREDICTING CHEMICALS VAPOR EMISSIONS 
USING THE JURY BEHAVIOR ASSESSMENT MODEL 



In order to estimate the vapor emission rates for the 12 chemicals of concern at the Mckesson 

Facility in Santa Fe Springs, California from soil, the Behavior Assessment Model (BAM) of 
Jury A. (1983) was uscd. 

For predicting emission rates a 42-year and 30-year time-weighted averages were computed. 
The BAM solution was numuically integrated in double pncision over the indicated time ptriod 
and then divided by the time period. A Gauss-Legendn quadrature scheme (Stmud, 1966) was 
uscd with 104 integration points to assure at least a five digit accurate integration of the BAM 
quation. 

BAM is b a d  on the following assumptions: 

a samnd-order partial differential equation that describes the fate and tranqxm of a 
single organic species in a one-dimensional, homogeneous porous medium. 
Chemical transport is subject to gaseous diffusion, liquid diffusion, liquid 
advection, evapotranspiration, volatilization, degradation, liquid-solid sorption, 
and liquid-gaseous partitioning. 

all soil properties arc assumed to be uniform and constant throughout the soil 
column. These include the soil bulk density, moisture content, air content, 
porosity, liquid water flux (e.g ., evaporation), partition coefficients, diffusion 
coefficients, and organic carbon content. 

the liquid-solid phase partitioning is described by a linear, equilibrium sorption 
isotherm. It is of the form: 

Cs = the sorbed chemical concentration (rngrk* AI) 

Cl = the aqueous phase chemical concentration (mg/cm3) 

Kd = the distribution coefficient (cm3/kgdry mil). 

the liquid-vapor phase partitioning is described by Henry's Law. It is of the farm: 



Cg = the vapor phase concentration (rngI~m3,~~ a) 

Kh = the dimensionless Henry's Law constant 
( ~ m 3 ~ , $ c r n 3 ~ ~ ) .  

there is a uniform initial concentration of chemical in the soil (Co; mgIcm3) at time 
t = 0 between the surface and depth L (cm). The soil is assumed to be initially 
uncontaminated below depth L. 

chemical volatilization and water evaporation to the atmosphere is limited by 
gaseous diffusion through a stagnant air boundary layer above which the chemical 
has zero vapor concentration and the w a t ~  vapor is at 50% relative humidity. 

both the soil-gas diffusion coefficient (Dg; d , J c m - s e c )  and the soil-liquid 
diffusion coefficient (Dl; c t 1 1 3 ~ ~ ~ d ~ m - s ~ ~ )  include the Millington-Quirk model 
(Shearer a a., 1973) of tortuosity. This tortuosity factor takes into account the 
reduced flow area and increased path length of diffusing gas or liquid molecules in 
partially saturated soil. 

In order to predict averaged emission rates with BAM, the following variables need to be 
estimated: 

a Co = the initial solute concentration (mglcm3), 

Ve = the effective solute adjeceive velocity ( d sec ) ,  

De = the effective diffusion coefficient (cm2/stc), and 

He = the effective stagnant air boundary coefficient (dsec) .  

The equations describing these variables are given by Jury g a. (1983). The following site- 
specific soil properties must be estimated: 

Rho = Dry soil bulk density (g/cm3) 

Pt = Soil porosity ( cm3/d)  

Gw = Gravimetric moisture content Wg) 

Pw = Volumetric moisture content ( d l c r d )  

Pa = Volumetric air content (did) 

Foc = Organic carbon soil fraction (generally assumed to bc 1%) 



T = Soil-(OC) 

L = Initial contamination depth (cm) 

R h ~ , . t a  = Density of water (1 g l a d )  

Rho,(,,, = Density of satmated water vapor (g/cm3) 

RH = Relative humidity of stagnant air boundary (generally assumed 
to be 50%) 

D u  = Air-gas diffusion cocfficicnt (d/cm-scc) 

D1w.m = Water-liquid di£fusion coefficient ( d ~ m - s e c )  

DW air = Binary diffusion coefficient of water in air (~xn3~Jcm-sec) 

-Jw = Evaporation rate (d/cm%ec) 

Although Jury a. (1983) defines all of the variables needed by BAM, there is one additional 
equation that must be considered. This equation relates Jmy's initial chemical concenoation (Co) 

to that of the measured soil concentration (S). 

I 

Most laboratories report soil chemical concentrations (S) as total mass of chemical per mass of 

wet soil [(mg chem)/(kg wet soil)]. The "wet" term indicates that sample soil weight was 
determined befon the sample was oven dried. This type of laboratory analysis includes the total 

chemical concentration in the gaseous, liquid and sorbed phases. Jury's term Co is expressed as 

total chemical concentration per gross volume of soil [(mg chem)/(cm3 soil)]. The values S and 

Co arc related as follows: 

Co = [S x Rho x ( I +  Gw)J/1,000 

Where: 

Co = initial concentration of chemical in soil (mgh3)  

S = measured soil chemical concentration [(mg chem)/(kgWt mil)] 

Rho = Dry bulk density (g/cm3) 

G w = gravimetric moisture content (g/g) 

1,000 = Conversion Factor, glkg 



TABLE B-1 

SOIL PROPERTIES FOR McKESSON SANTA FE SPRINGS SITE 
USED IN JURY'S BAM VAPOR FLUX MODEL FOR VAPOR EMISSIONS 

* Thc average value was taken from SB-6 and SB-11 at the Mckesson Santa Fe Springs Site. 

Organic carbon soil fraction (F,) 

Soil temperature (T) 

Thickness of clean soil (X) 

Initial contaminated depth (L) 

Diffusion coefficient of water vapor through air (Dwvai,) 

Density of water (Rho,,,,) 

Density of saturated water vapor (Rho4,,,) 

Relative humidity of stagnant air boundary (RH) 

Thickness of stagnant air boundary (d) (cm) 

Water-liquid diffusion (Dl,,,,) 

Water Flw (.lw) 

Evaporation rate (E) 

0.01 

20°C 

0 cm (0 feet) 

0-40 feet 

0.23 ~m~,,~/sec-crn 

1.0 g/cm3 

1.73 x 10'~ g/cm3 

0.5 (50%) 

1.23 cm 

5.0 x 10' cm3/cm-sec 

-8.10 x 10'' cm3/sec-cm' 
(10.0 in/yr) 

8.10 x 10.' cm3/sec-cm2 
(10.0 in/yr) 

Default 

Default 

Default 

Default 

Jury d., 1983 

Jury g d., 1983 

Jury gal., 1983 

Jury &I., 1983 

Calculated 

Jury g d., 1983 







Example Calculation Using Jury's Model 

The following is an example of the computation of vapor flux for acetone using Jury's Behavior 
Assessment Model. 

As stated above, this model requires the estimation of many different chemical and site specific 
data parameters. One of the most comprehensive somes of chemical data for organics can be 

found in Exhibit A-1 of the EPA's "Superfund Public Health Evaluation Manual" (USEPA, 

1986). Tables B-1 and B-2 present the chemical and site-specific data parameters used for this 
evaluation. 

Jury a ;t.(1983) gives the following vapor and liquid pmperties of water. 

Diffusion of liquid 
through water (Dl,-) = 5.00 x l W  cm3dseccm 

Diffusion coefficient of water 
vapor through open air (Dwv~) = 0.23 ~rn3~Jsec-cm 

Density of water (Rho,=) = 1.0 gJcdl, 

Density of saturated water vapor 
RhOwv(rrt) - - 1.73 x 10-5 g/c&,, 

The following soil characteristics were used to predict vapor emissions for site conditions. For 

this example calculation, the soil parameters used are described below and in table A-2. 

Dry bulk density (Rho) - - 1.58 gIcm3 

Total soil porosity (PC) - - 0.42 cm31cm3 

Volumetric water content (Pw) = 0.22 cm3Icm3 
W=W 

Volumeuic air content (Pa) - - 0.20 cm31cm2 
(Pt - Pw = Pa) 

Once all of the parameters have been defined, the first step is to calculate the sorption panition 
coefficient (Kd): 



Once all of the parameters have been defined, the first step is to calculate the sorption partition 

coefficient (Kd): 

In this case, a one percent organic carbon content (F,) was assumed for the soil. The smaller 

the carbon content, the higher the vapor concentration. The actual carbon content of soil at most 
sites is probably wer 10 percent. 

The second step is to convert the Henry's Law constant to its dimensionless form, using the 
following expression: 

If the soil is assumed to be at 20°C, or 293°K then Kh for acetone is: 

It is important to note that Kh is a dimensionless coefficient, but it is not unitless. 

The partition coefficient (Rg) that relates the total soil chemical concentration (Co) to the soil 
chemical concentration that is in the soil vapor phase is calculated for acetone as: 

Rg = Pa + [(Pw + Rho x Kd)/Kh] 



The partition wcfficient (R1) that relates the total solute chemical concenuation (G) to the 
s o i l c h ~ ~ n ~ t h a t i s i n t h t o q ~ p h a s c i s ~ f o r ~ e a s :  

The next step in the process is to calculate the diffusion coefficients for gaseous and 

qumus T through soil. Farmer ct el. (1972) adjusts the diffusion coefficients with 
a tortuosity actor to account for the reduced flow area and increased path length of 
diffusing gas and liquid molecules in soil. The Millington-Quirk model of tonuosity is 
used The soil-gas diffusion coefficient (Dg) is estimated by: 

Thc soil-liquid ciifksion coefficient (Dl) is esoimatcd by: 

The effective diffusion coefficient De is defined by Jury et al. (1983) by the expression: 

The thickness of the stagnant air boundary layer (d) lying above the soil smfacc is defined 
by Jury ct al. (1983) to be inversely proportional to the evaporation rate (E). This 
thickness can be estimated from the expression: 



The effective tmqort coefficient (He) of gas across the stagnant air boundary layer is 
defined by Jllry et al. (1983) by tfic q m s i t m :  

He = &, 
Rgxd 

The effective seepage velocity (Ve) of the chemical is ddincd by Jury ct al. (1983) by the 
c x ~ o n :  

The total solute chemical concentration (Ct), is calculated using the following quation, 
assuming that the measured subsurfact concentration is 9.85 milligrams per kilogmxc 

The vapor flux of acetone from subsurface soils can now be estimated using Jury's 
equation and the above variables and by assuming the armosph&c vapor c o n c c n ~ n  (Ci) 
of acetone above the stagnant air boundary is negligible compared to that of the soil 
solution concentration (Cl) of acetone. For this example, Equation 25 of Jury (see Jury's 
document, attached) was numerically integrated over a 30 and 4.2 year exposure period 
using a double precision Gauss-Legendre quadrature scheme (Stroud, 1966) with 104 
integration points. This result was then divided by the time period to get the time averaged 
value of gaseous flux from the soil surface. 

For acetone the 30 year average emission rate from is as follows: 

Js(30 yr avg) = -2.25 x 10-8 mg/cm2-scc. 



N z ~ e o o o ~ 6 ~ 8 ~ 6  , m o o  
o d d  0 0 0 0 0  



JURY BEHAVIOR ASSESSMENT MODEL OUTPUT SHEETS 



Bchnior Aparwnt  Model d Jvry 

ACEMNE -YEAR EMISSION RATE 

vc = -34WOOFM [cm/uc] 
Dc = 8740WW [anmg2/rtc] 
He = 361000E03 Icm/oee] 
Mu = XKK)(KK1E+ 00 [l/oee] 
zl - .000000E+00 [an] 
P = .l21920E+o4 [an] 
CtO = . l rnErOl  [mL/cm**3] 
2 = .oooooOE+00[cm] 
Tpl = .mmoE+00 [otc] 
Tp2 = .94amE+09 [roe] 
Trpe = 2 
Tune avemged Ct and i s  mius uc: 
Ct = .624SZW [mg/cm**3] 
Js = -225474E-07 [mg/(rcc*an0*2)] 

Purmcter At Tme Tpl At Tune Tp2 
Tune [see] .00000E+00 .94600E+09 
M a s  in coil column [mg/mgg2] 21336E+02 99843EM 
Integrated surface flux [mg/cm**2] -2133OE+02 
lntcgrrtcd bottom  nu^ [mg/an**2] .WOOOE+W 
A mass balance ovcr this time period chow la umr of .m89 % 

ACELY)NE 4 2  YEAR EMISSION RATE 

Ve 
Dc 
He 
Mu 
51 
22 
a0 
2 

T P ~  
Tp? 
=n'= 
Tune 
Ct 
Js 

= -34mEM [m/rec] 
= 874000E-W [cm**2/rcc] 
= 361sloooEm[cm/rec] 
= .000000E+00 [l/sefJ 

= .OOOOOOE+00 [cm] 
= .121920E+ W [cm] 
= .17MOOEOl [mg/cm**3] 

= .000000E + W [cm] 
= .000000E+00 [uc] 
= .UMOOE+CS [uc] 
I 2 

avenged Ct and k valuer arc: 
= .178264&03 [mg/cm**3] 
= -64643532M7 [mg/(uc*cm.*2)] 

Parameter At lime Tpl At Tune Tp2 
T~me (=I .ooOOOE+W .lfMOE+CS 
Mass in d d u m n  [mg/cm**2] 21336E+02 .128ME+02 
l n t e p t d  surface flux [m g/em"2] -84946E+01 
Integrated bottom nu [mg/cm"2] .00000E+00 
A msrc balance over this time period shan an error of .CIS3 96 



1.1-DIWROETHANE %YEAR EMISSION RATE 

Ve = -.114000FrM [an/rcc] 
Dc - 852000E-03 [m9*2/ooc] 
He - .lMoOoE-Ol [cm/rec) 
Mu = #maaE+OO[l/ucJ 
21 = JlcmmE+W[an] 
22 = .U19ME+O4 [an] 
CtO = .l39amw [ml/em.*3] 
z = .lNKOOOE+W[cm] 
Tpl = #KYXW1E+OO[=] 
Tp2 - .944oooE+09[roc] 
TYP = 2 
Timeavenged Ctmd knlveruc: 
Ct = 8166OlE08 1m Jcm**3) 
Js = -.lSU2SSW [mJ(~cm**2)]  

Purmctcr At Tm Tpl At Time Tp2 
Tine (uc] MWlOOE+W .Wb00E+09 
M.oinroilcdumn [mg/m**2] .16947E+00 27WEOl 
Intepted rurf.ce flux [mg/me*2] -.14214E+ 00 
Intcptcd bottom flux ImJanw'2] .OOOODE+W 
A mrrr balance wcr this time mod chow la ermr of .l373 % 

1,l-D1OUX)ROEIHANE 42YEAR EMlSSION RATE 

v e  = -.114000E-05 [cm/cec] 
Dc - smm [me'2/rec] 
He = .184OOOMl [cm/ccc] 
Mu = .OWOWE+W [l/uc] 
zl - .000000E+ 00 [m]  
3 = .12lP20E+04 [an] 
00 = .1390ODE43 [mg/cme*3] 
z = .000000E+W [cm] 
Tpl - .000000E+00 [cee] 
Tp2 = .132000E+09 [cee] 
Tvpc = 2 
Tine weraged Ct md Js wtuec arc: 
CI = XO788W [mg/cm.*3] 
Js = -.4.19849= [mg/(scc*an**2)] 

Parameter At Tune Tpl At Tme Tp2 
Tune [rce] -00000E + 00 .I32008 +09 
Mass in mil column [mgJane'2] .16947E+00 .lMRSE+00 
Iategntcd surface flux [mg/ang*2] -63340EOl 
Integrated bottom flux [mg/cm9*2] .00000E+00 
A mass balnce crier Lhir time period chows an umr of .0190 % 



12-D1CHU)ROEIHANE %YEAR EMZSSlON RATE 

Ve = -.188000EM [-/scc] 
De = 38soooEu3 [aa*=2/rec] 
HC = .rnooo&o2[cl~l/r~r] 
M u  = lKWOOE+W [l/rcc] 
zl = MK)O(K1E+W Ian] 
z2 = .121920E+Ol lcm] 
ao - .%1000EM [nylCm**3] 
z = lKRXMlOE+Wlcm] 
Tpl - M)(KKX1E+W [roe] 
Tp2 - 944000E+09 [uc] 
Type = 2 
TunervmpcdctMdkvrluauc: 
cl = .ls21W)BM [nylcm"3] 
h = -.llZiOS-OB [mJ(~cm**2)] 

P u ~ e t c r  At Ti Tpl At T i e  Tp2 
Tmc [rcc] .00000E+W .91600E+09 
M.rr in coil column [mg/cmW*2] .117E+01 AOR55E-01 
Integrated d a c e  flux [mg/m*'2] -.11OWE+01 
Integrated bottom flux [mg/cm**2] .00000E+W 
Ammb8l&ace~rthistbicpepcriodrhoarr.acrrorof .om% 

IJ-DICHLOROEIHANE 42YEAR EMISSION RATE 

Ve = -.188000EM [cmluc] 
Dc = 38!moE-03 [cm"2/rer] 
He - .rn000M2[cm/rcc] 
Mu = .000000E+00 [l/uc] 
21 = .000000E+W[cm] 
22 = .121920E+04 [m]  
Cto - .%1000M3 [nU/mm*3] 
z = .000000E+W [m] 
Tpl - MXY)O(tE+W[rec] 
Tp2 = .132000E+09 [ a ]  
Trpc = 2 
Tme averaged Ct and h values uc: 
Ct = 384336Pr06 [rng/cn~.~q 
Js = -293239E08 [mg/(~c*cm*'2)] 

Pammeter At Xmc Tpl At Tune Tp2 
T i e  [rcc] .00000E+00 .l32WE+09 
M.u in roil mlumn [mg/cm**2] .11717E+ 01 .7W21E+ 00 
lntepted surface flux [mg/an**2] -38708E+00 
lnteptcd bottom flux [mg/cm'*2] .00000E+00 
A mrcr balance over tbii time period &om an emor of Eil5 46 



Vc = -snoWE96 [an/o#] 
~t = mooown [CSO**~/S~C] 
He = s9!JoalE01[an/occJ 
Mu = MY1QOOE+W [l/ree] 
zl = #)9600E+03[cm) 
3 = .l219tOE+W [em] 
ao = moomw [mJcm**3] 
z = .OOOOOOE+W[cm] 
Tpl = .OOOOOOE+OO[P~~] 
Tp2 = . W E + @  [w] 
Type = 2 
T i c  a .ad Jsvrlvauc: 
ct = .N659Er09[ml/cm**3] 
Js = -A2748lElO [mJ(rtc'em'*2)] 

Panmeter At Time Tpl At Time Tp2 
Tune [see] .00000E+00 .WCKlE+09 
hiass in roil column [m~emgg2] S254E-01 .l38UMl 
htcgntcd surface flux [mg/cm**2] -.40440M1 
htegmtcd bottom flux [mg/cm"2] .00000E+00 
A mrrr balance over this time period &om &n e m  of .Om0 % 

1,l-D1CHU)ROEMENE 42YEAR EMISSION RATE 

Vc = -327000Er06 [em/rcc] 
DC = mooom I ~ ~ - - ~ / S C C I  

He = 399000M1 [cm/rcc] 
Mu = .000MX)E+ 00 [l/see] 
z1 = #)%00E+03 [em] 
z2 = .1219#1E+04 [cm] 
Cto = 890MOE-04 [mg/m**3] 
z = .OOWOE+00[em] 
Tpl = .amOoE+OO [reel 
Tp2 = .132OOOE+C@ [reel 
Type = 2 
Tine avtngcd 0 and k values are: 
Ct = 2l590lEJX [m Jem0'3] 
1s = -.129325E.09 Imp/(rcc0crn"2)) 

Puamcter AI ~ i c  ~ p l  ~t nmc T ~ J  
T i c  [rcc] .00000E+00 .U200E+W 
Mass in roil rrolumn (mg/cm**2] S 4 W M 1  37184E-01 
Integrated surfaa flux [mp/cm**2] -.1707lE-01 
Integrated bottom flux [mg/cm"2] .00WOE+00 
A mass balance m r  this time period chows an error of .0000 96 



l,%DIaUOROEIHENE BYEAR EMISSION RATE 

Ve - - d m =  [em/*] 
a - ~ E L U  [em**2/=1 
Hc = .14900aE91 [cm/ccc] 
Mu - #KIOOOE+00[l/~] 
rl - ##000E+001cm] 
3 = .lZl!mE+OI [cm] 
ao = .l3!moE03[mJcm*-q 
7. - JlocmoOE+ao[cm] 
Tpl - #I(KKX1E+W [ a ]  
Tp2 = m E + f H I l c c ]  
Tvpc = 2 
Tirvrrycdctdlsnluer~rr:  
0 - .- [mg/cm**3] 
k - -.W%E.09 [m&/(scc*cm**2)] 

PMmetcr At Ti Tpl At Time T# 
Tine [ru] .00000E+W .94600E+09 
M.rr in coil column [mg/m**2] .16947E+00 A1933E.01 
Intelp.ted surf= flux [mg/cm"2] -.l2733E+00 
Lnteptcd bottom flux [mg/cm"2] JMKWE+ 00 
A mrrr b.lmcc ovcr this time period rhacr an crmr d .I227 % 

12-DIaiLOROETHENE 42- EMlSSlON RATE 

Vc - -.6'19000M6 [cm/rcc] 
DC = 6 8 5 0 0 0 ~  [ c m g = 2 / ~ ]  
He = .149000Ml [cm/rec] 
Mu = .000000E + 00 [l/uc] 
zl = .000000E+ W [an] 
22 = .121920E+04 [cm] 
Cto = .139000W [mg/m**3] 
z = .lWlOOE+W[cm] 
Tp1 = .cmooooE+00[lcc] 
Tp2 = .132WOE+09 Iscc] 
Type - 2 
T i e  .ycryd Ct and Js values arc: 
ct = mixun [rn~nn9*3) 
Js = -.405483W [mg/(rec*m**2)] 

h m e t e r  At Time Tpl At Time Tp2 
Tme [rec] .00000E + 00 .13200E + 09 
M a s  in coil column [mg/cm'*2] .16947E+00 .llS87E+00 
Integrated surface flux [mdcm'*2] J3S24E-01 
integrated bottom flu [mg/m'*2] .00000E+00 
A mas balance over this time period shows an cmrr of .04% % 



v c  = -23mOE-a [m/rcc] 
Dc = 5 ~ E . o l  [cm*-2/rcc] 
He = 21mm [anlrcc] 
Mu = M)O(MOE+W [l/rcc] 
zl = MX)(#OE+W [an] 
z2 = .121920E+04 Ian] 
Cto = .6ssanEOZ [mg/cm"3] 
z = .oooaloE+OO [cm] 
Tpl = M)O(MOE+OO [Bee] 
Tp2 = 916000E+09 [roc] 
TP = 2 
TuaeNcnftdCtrodkwbrsuc: 
a = smil~-crr [mJcm**3] 
ir = -.8439U)E-OB [mJ(rcc*a11**2)] 

PMmeter At Tine Tpl At Tm Tp2 
Tme [ue] .ooMOE+00 .=E+09 
M.rr in coil d u r n  [aU/cm"2] .'RB58E+Ol 38619E-03 
Intcgnted surface flux [mg/cm**2] -.79838E+01 
h t c p t e d  bottom flux [mg/nn9*2] .00000E+00 
A ~ ~ ~ b . L . n c e ~ ~ ~ t h i L t i m e p c r i o d r b a r r a n c n o t o C  

%BUMNONE (MEW 42-YEAR EMISSION RATE 

Ve = -23tOOOE-05 [cm/m] 
De = 5mE-04 [cm"2/uc] 
Hc = 217000E-03 [cm/ref] 
Mu = .000000E + 00 [l/ue] 
zl = .OOOOOOE+W(cm] 
12 = .1219U)E+04 [em] 
Cto = .655000E02 [mL/nn9*3] 
z = .WWOOE+00[cm] 
Tpl = .000000E+ 00 [ue] 
Tp2 = .13#KIOE+09 [see] 
TYP~ = 2 
Xme avemgcd C? and Jr valuer arc: 
Ct = .nou2W [mg/cm9*3] 
JS = - . i 6 n m m  [mg/(refocm"2)j 

Parameter At T~me Tpl At Tme Tp2 
Tmc [ a ]  .00000E+00 .l32OOE+09 
Msn in roil column [mg/cm**2] .79858E+01 57790E+01 
Lntepnted curface flux [mg/em'*2] -22WSE+Ol 
lntepted bottom flu [mg/cm9'2] .00000E+00 
A mur Lulanee mmr this time period rbour la cnot of Mnl 46 



vc = -3mmoEM [ol/rtc] 
De = .l6mmEm [aam.2/cec] 
Hc = 3fmmEOl [cmlrrr] 
Mu = #10000E+ OO [I/=] 
tl = .ooamE+W1cm] 
t2 = .l21920E+o4[cm] 
Cto = .1mE-O1 [mJan**3] 
z = -E+W[cm] 
Tpl = MKIOOOE+00 [set] 
Tp2 = .916000E+09 [rcr] 
TYP= = 2 
T l w ~ c ~ Q d J r ~ u c ~ ~ :  
a = Wn*(E46 [mJem"3J 
k = -.19nSBEQI [mJ(&cmm*2)] 

PMmew At Tm Tpl At Tm Tp2 
Tmc [rcc] .00000E+W .PIMOE+09 
M m  in roil dumn [mg/mm*2] .19507E+02 81547E+W 
Latepted wrfre flux (ml/cmD*2] - . W E + M  
Integrated bottom flux [mg/cmm*2] .OWOOE+W 
A MEL balncc mcr this timc period chows an emu of .I937 % 

MEIHYtENE CHLORlDE 4.2-YEAR EMISSION RATE 

vc = -27ooOoE-05 [m/scc] 
Dc = .lbfOOOE02 [em**2/cee] 
He = 36WCOMl [em/rcc] 
Mu = .00aXW1E+0011/rer) 
51 = .00a000E+W [em] 
22 = .12192OE+OI (an] 
Cto = .16WOM1 Img/mm*3] 
z = .000000E+ W [cm] 
Tpl = BOalOOE+W [ a ]  
Tp2 = .rpOaOE+ W (uc] 
Typc = 2 
Tune avemgcd Ct and Js dues arc: 
0 = .229344E05[mL/m**3] 
Js = -- [mJ(cec'cm**2)] 

Parameter At Time Tpl At Ti Tp2 
Time [see] .llWKJE+W .lmWIE+09 
M a s  in roil column [mg/m'*2] .195ME+02 85951Et01 
Intepted surface flux [mg/m**2] -.10898E+02 
Intepted bottom flux [mg/m**2] .00000E+00 
A mass balance over this timc period chom an error of .4700 96 



ve = -.l3loooeos [o)/ItC] 
De = M9CmE.43 [cm**2/ItC] 
He = .993OCOE42 [cm/=] 
Mu = MK)oE+#) [l/rec] 
z l  = ~ E + O O [ e m ]  
22 = .UlP#1E+04 [em] 
Cto = .Si&WiXlErOl [nu/cm**3] 
z = DlO@lOE+00(cm] 
Tpl = .oowooE+00(ocr] 
Tp2 = . W E +  09 [rec] 
Type = 2 
T i e  a v c r y d  Ct and Jc nlua a: 
Ct = .728llOEOS [nu/aa**3] 
k -.%3Dl3E-O7 [mg/(ue*cm**2)) 

Parameter At Tune Tpl At Tune Tp2 
T i  [uc] .WOOE+W .P1600E+09 
k in mil column [mg/cm0*2] .llaUIE+(13 50!%7E+M 
lartgnted curface flux [mg/cm9*2] -68397E+02 
htcpted bottom flux [mg/cm"2] Z 1 E + 0 0  
A MEL balance over this lime period show an e m f  of .0987 % 

TTZRACHLOROETHENE 42YEAR EMISSION RATE 

VC = -.131000E& [c~/Kc] 
De = A49000E03 [nn"2/ref] 
He = -993000EM [cm/~e] 
Mu = .000000E+W [l/sed 
zl = .000000E+00 [an] 
J = .12192OE+W[cm] 
Cto = .980000M1 [mg/cm**3] 
z = .000000E+OO [cm] 
Tpl = .000000E+00 [&XI 
Tp2 = .lUOOOE +09 [uc] 
Type = 2 
Tune averaged Ct and Jr d u e s  arc: 
a = 2llSS4E04 [mg/nn'*3] 
Js = -210074E-M [mg/(~c.cm**2)] 

Parameter At T i e  Tpl At Tune Tp2 
T ~ m c  l=Cl .00000E +00 .lUM)E + 09 
Mass in roil column (mg/m.*2] .11948E+03 91nOE+M 
Integrated curfact flux [mg/cm"2] -2mOE+02 
Intepted bottom flux [mg/cm"2] .00000E+00 
A & balance over this time period shows an error of 96 



TRIWROEIMENE 30-EAR W O N  RATE 

Ve = -356NlOE.46 [aa/oec] 
Dc = A ~ E O 3  [cm**2/ccc] 
He - .108000W [ma/-] 
Mu = .OOOOOOE+ W [llrec] 
d = M)oOOE+W[cm] 
t2 = .121920E+OQ [an] 
Cto = 3WOOE-02 [mg/cm**3] 
z = .OOOoooE+ 00 Ian] 
Tpl = m E + W  [see] 
Tp2 = 3WOOE+09 [scc] 
Type = 2 
Tme rvcngcd 0 and Js nlucr arc: 
C2 = 265420E-06 [mg/emm*3] 
k = -286653E-08 [mg/(ccc*anm*2)] 

Parameter At T i e  Tpl At Time Tp2 
T i e  [see] LKlWlE + 00 .94600E t 09 
M.cr in mil mlumn [mg/cm"2] .41940E+01 .14780E+01 
Lategrted surface flux [mg/m"2] -2n17Et 01 
htegrated bottom flux [mg/cm*'2] .00000E+W 
A faass balance over this time period shows an e m  of .I038 96 

TFUOROETHENE 4.2-YEAR EMISSION RATE 

Ve = -1S6000E-04 [cm/rec] 
Dc = .495000EM [m'*2/~c] 
He = .10BOOOMl [m/rct] 
Mu = .000000E+ 00 [l/sec] 
zl = .000000E+ OO [cm] 
22 = .121920E+04 [ern] 
Cto = .3WNlOE-02 [mg/cm.'3] 
z = .000000E+ 00 [an] 
Tpl = .000000E+OO [sec] 
Tp2 = .1MOOOE+09 [scc] 
Type = 2 
Tune #=raged Ct and Js values arc: 
Ct = .7531%M6 [mg/emm*3] 
k = -B13452M8 [mg/(ucgm'~2)] 

Parameter At lime Tpl At Time Tp2 
Tine [see] .00000E +00 .13200E+ 09 
Mass in roil column [mg/cm"2] .41WE+01 31188E+Ol 
Integrated surface flux [mg/cm"2] -.10738E+01 
Lategrated battom flux [mg/cm"2] .00000E+ 00 
A mass balance over this time period show an error of .OMS % 



TOLUENE *YEAR EMlSSION RATE 

ve = -.l62owpx# [cm/tee] 
De = .17mOEa3 [cm**2/uc] 
He = 389WOPcO?[au/tee] 
Mu = MWWr)(lE+00[l/ccc] 
zl = MWWr)(lE+00[cm] 
t2 = .121920E+04 [cm] 
Cto = .WOOOR01 [nu/cm**3] 
z = m E + W [ a a ]  
Tpl = MMOOE+00 [ur] 
Tp2 = .P16000E+09 [ a ]  
Type = 2 
T m e  averaged Ct and k dues uc: 
a = . ~ g n w ~ l s  [nu/au-3] 
k = -.'R8BObMWI [mg/(8ec*em**2)] 

Parameter At Tune Tpl AtTbcTp2 
Tune [scc] .00000E+00 .Pld00@+09 
Mass in soil column [mg/cm*.2] .WSOE+02 ~ S E + 0 1  
latcgnted w r f a a  flux [mg/cm**2] -hW45E+01 
lntegnted bottom flux [mg/cm**2] MOOOE+W 
A mrrr bahace ovcr this time period show an uror of .&XI3 46 

TOLUENE 4.2-YEAR EMlSSION RATE 

Ve = -.16l000M6 [cm/rer] 
D e  = .178000E-03 [cm**2/a] 
He = 389000J2-02 [cm/rer] 
M u  = .000000E+00 [l/cec] 
21 = .000000E+OO[cm] 
z2 = .121920E+04 [cm] 
Cto = .130000M1 [mg/ma*3] 
z = .000000E+00 [ m ]  
Tpl = .000000E+ 00 [uc] 
Tp2 = .13U)oE+09 [uc] 
Type = 2 
l i m e  averaged Ct and Js valuer arc: 
ct = A60925MS [mg/m'*3] 
Js = -.180856M7 [mg/(uc'mm~2)] 

Parameter At Time Tpl At Tune Tp2 
l i m e  l a 1  .00000E+ 00 .13200E +09 
Mars in roil column [mg/m.*2] .lS8SOE+02 .13459E+02 
l n t e p t e d  surface flux [mg/cm**2] -U8nE+01 
Integrated bottom flu [mg/m*'2] .00000E+OO 
A nurs balance over this time period show an error of .M06 % 



Ve = -29aalEQ6 [an/occ] 
a = mooow ~cm**2/0cc] 
He = .143000E-O1 [au/occ] 
Mu = M)O(XK1E+00 [l/occ] 
21 = .ooooooE+00(cm) 
22 = .U1920E+M [an] 
a0 = . 4 m m ~ l  [aU/rm**3] 
z = .WWODE+00 [cm] 
Tpl = MY]OOOE+W [uc] 
Tp2 = . ~ + 0 9 [ s e c )  

Trpc = 2 
Tme mryed Ct and h values uc: 
a = aooale-as [ ~ C I O - * ~ I  
h = -.417S69E07 [mg/(&aa"2)] 

Purmeter At T I  Tpl At T i  Tp2 
Tme (see] .00000E+00 .94600E+09 
Mur in roil column jmg/crn**2] 5937SE+a2 .15S02E+UZ 
I n t c p t d  surface flux [mg/cm**2] -395(#E+02 
I n t e p t d  bottom flux [mg/m"2] .00000E+00 
A mur balance over this time @od chow an error of .I193 % 

l,l,l-TRICHLOROEIHANE 4.2-YEAR EMISSION RATE 

VC = -2%000M6 [cm/rc~] 
Dc = .648000EO3 [cm"l/uc] 
He = .143000E01 [cm/sec] 
Mu = .000000E+OO [ l / rc~]  
z l  = XKXMOOE+00[cml 
22 = .12llrZOE+OQ [cm] 
Cto = .487000Ml [mg/cm"3] 
z = .cKmooE+00 [cm] 
Tpl = .cKmooE + 00 [uc] 
Tp2 = .13MOOE+09 [rce] 
Type = 2 
Tunc wetaged Ct and Js mluer arc: 
0 = .900326Eas [mg/cm0*3] 
Js -.128747EO6 [mg/(sec'cm"2)] 

Parameter At Time Tpl At Tune Tp2 
lime [rec] .00000E + 00 .13200E + 09 
Mass in coil column [mg/cm**2] 5937SE+02 .423SSE+02 
Integrated surf= flux [mg/cm"2] -.1699SE+02 
Integrated bottom flux [mg/cm"2] .WOOOE+W 
A maas balance over this time period shw an error of .0424 % 



XYLPJES 30-YEAR -ON RATE 

ve = - m E O b  [aD/rcr] 
De = .lsmooEa3 [an*'2/ror] 
He = AUCXIOE42[cm/=] 
Mu = .WNOOE+OO [l/=] 
zl  = MaMOE+W[an] 
x2 - .l2l920E+04[cm] 
Cto = .l37OCOE41 [mg/cme*3] 
z = noooooE+oo[aD] 
Tpl = Mm00E+M (4 
Tp2 = .lMO0OE+09 [see] 
Type = 2 
Tune mnpd Ct lad Js values are: 
a = .isaesi~m [m~cm**y 
JS = -1IlllSOEOB [nU/(rce'ati"2)] 

Purmetcr At Tune Tpl At T i  Tp2 
Tme [=I .00000E + 00 .94600E + 09 
Mass m coil mlum [mp/cm**2] .16703E+U2 .901P1E+Ol 
~ntemtrb surfau  nu^ 1mg/cm"2] -.76ns~+oi 
integrated bottom flux [mglcm"2] . W E + 0 0  
A MEI b .hcc  OKI this time period chow an error of .0627 % 

mLENES 42-YEAR EMISSION RATE 

ve  = -.2oooooGo6 [cm/rec] 
De = .189000M3 [cm*'2/rec] 
He = .412000EM[cm/rec] 
Mu = .000000E+00 [l/cec] 
zl = .OOOOOOE+OO [an] 
22 = .l219#)E+W [an] 
Cto = J37000Ml (mg/cme'3] 
z = .000000E+ 00 [an] 
Tpl = .oooOlXlE+al [rec] 
Tp2 = .13MOOE+09 [ ~ c ]  
Type = 2 
Tmc avenged (3 and Js values arc: 
Ct = .rszsO3Eos [mg/Rn"3] 
Js = -.198WlEM [mp/(rec*cm'*2)] 

Panmeter At Time Tpl At Tine Tp2 
Tme [ret) .00000E+00 .13200E+09 
Mass in wil column [ml/on"2] .16703E+Ot .14075E+02 
Integrated wrfaa flux [mdcmm*2] -XMlE+01 
Integrated bottom flux [mg/cm*.2] .flMlOOE+00 
A nurr balance over this time period rhw an e m r  of MI3 96 
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Behavior Assessment Model for Tnce 0ig;nia in Sd: I. Model Descriptioni 

W. A. JURY. W. F. SPENCER. AND W. J. FARMER' 

ABSIRACT - .  
A m a t k c m a d  modd b iatroduad lor dmaibing trammo~ a d  

Lw of roil-applied o r p ~ i c  chmaah. The model uulr Y-. 
cquiiibriua pantlloainf between -per. Liquid. and rdrorM 
a1 p b w .  arc r i t  order -duior. arb cbrmial mowamst IO (k 
r lnorpkm by rd.-lioa ku IhfaufL a r u e u ~  ab boa* 
law at Ibe soil rotfan From boa urmrpr iou  .IJ me .rurrpci.l 
of stmdr state rmwd or dowawrd warn now. aa rmalytk acb.  
b daired for cl~eraibl coacmmtma and .olaWia(lu fiax. 
Tbb model. which u intended to ehmify and una orgm.ir 

cab for their d r t i n  ruapl ibi l l ty to d i t lmnt  lorr prU1.w (rd.UY. 
*a. lucb iq.  defndrtloa) In  the soil rmd db mqim L..1Wm 
of Ihc oqnaw arb08 puUtk.  coeffid.at (K,), H v 1 g  
Nw). md act, lim-ordw degmdation n t c  cott l ldmt or ckdol 
hdElife to use on a ti- &emid. 

I t~urtnoon of the w tpou  rrmihbk with :be model h rlu+. for IWO 

prucida. lindaae t ~ l 3 1 . 4 J & b ~ ~ a r b l 0 ~ 0 l u a ~ )  nJ 2.4.D 
[(~Cdichlorovnmory~awlic acidl. * b W  br- t  r d r ) y  diiI.rlag c k r c  
lcrl eropcnlu. Liadsm. WI~L a h q e  K,, hqc KM, 4 amdl & 
gmdation no coe l f kh~ .  Q shm l o  k nl8 l in ly  k.w 
sLmt. an6 W t i b k  to .d.Uluc)oa. LCD, MIL r rrY K,, 
urdl KM, .ad l 8 q e  dqndal iol i  nce Wlkirm.  b o d  k- 
gnda n p d y .  but b only JIcLUT Saueplibh Io bomm b 
uor 

JUV. W. A., W. F. S paar. a+ W. I. Fuma. 1983. Wu*ior a+ 
s-mi modd for vrct apra In  SOIL 1. . M a  d a m p l o e  J. 
Ennron. QuaL 12:SS8-W. 

.. Beginning with DDT in h e  late 1960's. several =tab- 
lished pesticides with effetive w e d  or insect tonuol 
wac removed from the market bmuse of undcsinble 

' ~oau~but ion  of D-. of  Soil and Enrimmenu1 +am. Uni. 
vnmty of Californu. Riwmdc, CA 92S218ad USDA, bwnidc R+ 
cckd 10Scgt 1 9 U  

'Proferror of Soil Physiu. Univ. of C J i t o m h R i r a d k  509 Sd. 
tnua USDA; ud Profusor of Sod Sdcna Uaiv. of Wf#ap .  
Rircrudc mspuudy. 

cnvironmcnul churcrcristics. Unfotnmately, thae un- 
dabable charmahtics (such u ucasive mobility, per- 
sistence. or vohiiiity) w m  determined or observed only 
after the &aaicrl had been widely wd. Beaute a ctr- 
uin mount  of mobility and pemstentc is asenchi for 
propa mnagtmmt and performance of a peniadc, iu 
pollution potential a n  only be minimized subject to iu 
effectiveness for weed or insect control. 

For this rascn, it is dear that environmenul screen- 
ing tau are n.,tded at the time of dcvdopmc~lt of the 
chemid w!,en screening for toxicity is being pa. 
formed. It is  equally dear that this screening procedure 
cannot involve excessive urperimenurion. beaure of 
the massive numbers of chemicals involved. frulerd. 
what it needed is r model that is able to make p d i c -  
tions of behavior of one chemical relative to another 
from a sundud set of easily obtainable chunid 
benchmark progenies. 

Ideally. the result of this screening p r o n d m  would 
be a drrrifiation of luge numbers of chanials into 8 
smaller number of groups whose members display cimi- 
)U behavior. From tbcre groups could be stleacd proto- 
types for more extensive upirime~~urion under r u t d  
conditions. 

P d a d e  simul.tion models are not nm. Lindntom 
a d. (1968) proposed a mathematid model for 
describing W i n g  of pesticides through roil columns. 
Oddson a aL (1970) and Davidson and McDougal 
(1973) reported a t h e o m i d  leathing model for w with 
chcmicrlt whore soiid-liquid adsorption w u  linear, but 
for  which the liquid and solid phases w e n  not in cquilib 
rium. Van Genuchten and coworkers. in 8 d u  of 
papcn (Van Geauchtcn et d.. 1974, lm Van 
Genuchtcn k Wierenga, 1976, 1977), described a model 
for prcdiaing pesticide movanmt in soil, indudiag cf- 
f a t s  of pore bypus and hysteresis in the adsorption Lo- 
them. and vrlidued the model in soil column up&- 
menu using 2.43-t hcrbiade. They also investigated 
the effcU of noncquiiibriurn adsorption. LcisUa, in 8 
raies of ppcn (Lcirur, 1973, 1971, 1979), has dcvd- 



oped simulation models for both liquid and vapor phase 
movement as a function of time for variable boundary 
conditions. Knisei(1980) has assembled (with the aid of 
a number of authors) a model (CREAMS) for evaluat- 
ing the amounu of pesticide in surface runoff. 

Volatilization models have also been developed. 
Mayer et al. (1974) compared five different models, em- 
ploying various upper-boundary conditions for predict- 
ing volatilization of chemicals from soil. Farmer et .I. 
(1980) developed a soil cover model for hexachloro- 
benzene, which demonstrated the efiectiveness of deep 
placement to prevent volatiiization. Jury et al. (1980) 
proposed and validated a model for predicting vola- 
tilization losses of triallate. with and without accom- 
panying soil water evaporation. 

The above models. for the most part. were intended 
to simulate specific circumstances, either of leaching or 
of volatilization. in this paper, and those to follow, we 
will propose and apply a general model that includes the 
effects of volatilization, ieching,  and degradation to 
descr~be the major loss pathways of soil-applied organic 
chern~cals as a function of specific environmental 
variables and soil conditions. In this way. the behavior 
of one chemical relative to  another in a standard 
scenario will reveal the susceptibility of the tested 
chem~cals to various loss or  displacement pathways in 
soil. Thus, the model simulations arc not intended to  
predict a chemical's concentration distribution in a 
field, but merely to group chemicals according to  their 
behavior in the environmental screening tests. Although 
the model will be primarily used on pesticides in this 
series of papers, it is applicable or well to  other trace 
organics that may be of environmental concern. This 
first paper will describe the model and illustrate its out- 
put using the chemical and physical characteristics of 
lindane (r-l.2.3.4.5.6-hexachlorocyclohexane) and 2.4- 
D [(2,4-dichlorophenoxy)acetic acid]. Later papers in 
this series will develop a classification scheme for the 
susceptibility of chemicals to leaching, volatilization. or 
degradation; will examine the expenmental evidence in 
support of the model assumptions and predictions; and 
will apply the model to screen a large number of organic 
chemicals. 

BENCHMARK PROPERTIES NEEDED TO 
PREDICT PESTICIDE LOSS FROM SOILS 

In this section. we will attempt to define a minimum set of 
chem~cal and physical chmncristict for a dven pesticide, 
which must be known in order to make a reliable assessment of 
the extent of loss through volrtiliut~on, leaching. and/or 
degradation in soil. The &iphuis will be on developkg criteria 
for detennlnlng relative behavior of different ~esticida unda 
prototype conditions. 

Phase Partitioning Coefficients 

A pestiidc hay midc in either the vapor. liquid, or ad- 
sorbed phase. but it is essential to know how a given quantity 
of applied chemlal will partition between these three phuer tn 
the soii in order to determine iu  mobility in mil. 

The adsorbed-liquid partitioning is upr& through an ad- 
sorption isotherm. At low concentrations. the shape of this 
isotherm may frequently be approximated by a straight line 
(Kuickhoff et d.. 1979; Karickhoff. 1981). giving rise to the 
simpk. linear rehtionship in Eq. 111. 

when Cs is adsorbed conctnuation (g/kg'soil). C, is solution 
concentration (g/rna toil SOlution). and K, (mJ/kg) is the slope 
of the adsorption isotherm of the diaribut~on coefficient. 
Sinu this distribution coefficient (for nonionic pesticides. at 
leu;) primarily repmenu adsorption to orsanic matter. vari- 
ability between roils m y  be n d ~ C t d  to extent by defining 
ur orpnic a rbon  dimibution coefficient. 

when f ,  is the fraction of organic C in the soil. fhu nand- 
arditltion grarly dccrrua  the eocfficient of variability of the 
adsorption-coefficient for a given pesticide in diffemnt soils 
(Hamaker k Thompson, 19n;4ro  dr Davidson. 1980). 

When measured adsorption w l u a  arc not available, reason- 
ably good corrrlrtion hu been found between K, and the 
ocunol-water putition coeffhent. K,,, or between K, and 
solubility and .melting point ( U c k h o f f .  198 1). For uumple. 
Rto and Davidson (1980) dmloped the regression quation 
(Eq. [3]) using pubikhed &ir for a number of pesticides. 

where the faaor of 1000 is needed beuuse K is uprttred in S1 
uniu (ml/kg) and their regression used (mL/g) for the uniu of 
K. The limitations of thc above pvritionlng approach are dis- 
cussed in a r m n t  revim by Min~elgfin and GenU (1913). 

The liquid-vapor partition. u mentioned above. is generally -- repramred through Hcruy'r h w ,  
A - q  - 

L'8- 
where 4 b c o n c e n t d m  of pesticide in the vapor pkasc 
(g/rnl soii air) and Kn i s  Henry's Law constmt. which in this 
system of uniu is dimmrionicu. Beuuse studies haw shown 
(Spencer & Cliath. 1970) that this relationship pcnisrs to 
saturation in many a m m r t m c a .  the Henry's Law constant 
may be calculated u the ratio of saturated vapor density C; 
(g/mJ) to pesticide solubility Ci (g/mJ): 

Degndatioa Cotf licients 

Beaust the dcgmduion rate co&t or half-life is a diren 
u ~ u m m t  of the patirtencc of the patiade. it must also be 
drued u an essential parameter for evaluation. In the vast 
majority of nudie, a na, fintsrder dcgndadon rate is 
assumed for rll dqmdmin  procases in at1 phases. and the 
rate constant. dpcr day) is measured by the n t e  equation 

where M(t) i s  thcqwndty of pesticide remaining at time r. 
The half-life, Tarre is related to the rate constant, r, by T,,, = 
0.693Ir. 

Unfonunady. masuremenu of r vw monnoruly be- 
tween field and laboratory data kcruse "degtldatior. losses" 
g c a d l y  include 0th- unmarured pathways of loss. Funha- 
mom. temperature. m t a  content. md microbial populrtion 
an influence these prncrru ngnifindy. Thus, this p.m- 
em is both a&y important and extremely difficult to 
uutt. For txunpk, Hunakcr (1972) rmom a Wf-life for 
sim8ziae of 105 d (t 34%). which contrasts with values of 75 



d (hb) md 64 d (fidd) given by Rao and Davidron (1980) md 
with 55 d (t 63%) flW Nuh (1960). 

Other than mass flow in the soil-wnta phase. Lhc two 
dominant transport procarer for pawides in Wii 8re Vapor 
and liquid diffusion. The soil-68s diffusion coeffrdcat. Do, is 
usually q u a d  to the air-- diffwioa coefficient. z, mul- 
tiplied by r tonuority f .aor  to .ctounc for the reduced flow 
a r a  and iacrased path length of diffusing m o W  in 
soil ( N i b s  d.. 1972). This tonuosity factor u a function of 
volumetric air content, a. md of soil geometry, and hu been 
d a m b e d  using r vuiccy of models (Rote. 1972). Oile such 
model that bas prowa useful for describing penicide soil dif- 
fusion cocfficienrr L the Millington-Quirk model (Sh- ct 
21.. 1973; F u m a  a A, 1972). With this model. we obtain for 
the soil-gu diffusion coeffldent: 

r.3 7 

where 6 is the soil porosity. 
Because the MiJliagton-Quirk tonuosity fonnuir docs not 

have m y  calibration constan& h e  only pestiudt propaty that 
needs to  k measured is the air-gu diffusion coefficient. How- 
ever, by aunlning the range of u i n i n t  v d u a  for intcrmcdi- 
ate molecular weight orflnlc compounds (Boynton k Brat- 
rain. 1929). as well as by wing the Fuller condatioa (Wey & 
Gunbill, 1973). one may show that the atr-gas diffusion coef- 
ficient of different pesticides varies only slightly at a given 
temperature. For this reason, we consider that the rcprcrcnu- 
tive value = 0.43 mJ/d from the dam of Boynton m d  
Brattun (1929) is adequate f most pat ic ida a,nd need not be 
mururcd in every crre. -T S A ~ ~ L I , & J >  

Similarly. the soil liquid diffusion coefficient DL is set equal 
to  the water-liquid diffusion coefficient DL- muidplied by 
the appropriate form of the Miliington-Quirk tonuosity 
model. 

where 0 (volumetric water contmc) = o - a. Altkkg; kw.  if 
any. water-liqu~d diffusion coefficient mcrsurrmcnu have 
been made on pestlcidcs, other similar molecular weight 
organic compounds seem to differ only slightly in value 
(Bruins. 1929). From the compilation of Bruins. we chose an 
avenge DL- = 4.3 x 10- mJ/d u r representative value for 
all pesticide. 

Influence of Hydrodynamic Dispersion 

Many m o d d m  of chaniu l  transport in soil include a d i  
penion term in the flux equation to account for tolute sprud-  
ing due to water velocity varialions. At low a m p  w a t a  
fluxu in uniform soil. this term is  relalively unimportant. but 
ct becomes dominant over the diffusion term at  high w a t a  
fluxes or in S ~ N C L U ~ C ~  soil w h m  substantial ar ia t ion in water 
vcloc~ties exists. Because we wiil be using our model in uni- 
form. idealized sccnuios. the inf luma of spatially variable * water velocities on trampon L nor.p.8n of the screening tau, 
and we wiil not be in dud in^ a dispersion cocfficien~ The 
relative influence of dispmion on crampon should be similar 
to that of diffusion b.etwcen different chemicals. unless large 
structural voids are present. 

In summary. among the primary properties d i s c u s 4  above, 
it is essent~al to rneuure the orunic C oartition coefficient 
the saturated vapor density. the shubility: and the d m d r t i o a  
half-life for u c h  chemiul. As we mentioned above, the two 
diffusion coefficients may be estimated relatively r a u n t d y  
from known information and need not be measured ia uch 
case. 
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There uc a number of Soil p r o p m m  that will influence 
psudde mowmmt m d  Lor). Howcva. to a g r a t  extent. t h a t  
p r o p a t i s  m y  be ntnduducd m u w r t n g  bctunor. and the 
movemat  dong puhmn of one penidde rclulve to 
another may save u m Index of_relrt~ve pollution b r d .  

THEORY 
The model introduced below is  bucd on a number 

of  simplifying unrmptiont  Our purpose in using this model is 
not to simulate &and vrntpon in a given field situation. 
but nrher to at i rmtc how and where a p a w i d e  will move 
- w d a  r vwn s a  of imposed a m ~ t a n e e s ,  panicularty by de. 
scribing the behavior of one chemical relurve to mother m an 
identical sating. In an anempt to be general (but u the =me 
time to U o w  m U y u c  solution) we haw chosen the follow- 
ing d o  for our pesticide screening model: 

1) uniform roil pro* consisting of a constant water 
coateat. 8; bulk density, 0,; porosity, 6; liquid water 
f lu ,  J ,  (eitha up& downward. or 0); and a consunt 
o r p n i c  C friction. f, , 

2) linear. equilibrium adsorption isotherm to that Eq. [I ]  is 
nlid, 

3) heu, equilibrium liquid-vapor putition (Henry's Law), 
4.141, 

4 unifonn initid incorpontion of pesticide 81 time I = 0 
between the surface and depth L. and 

5) loss of  p a u d d c  and water to the aunosphm limited by 
gmow diffusion through a stagnant air boundary layer 
above which the pesticide has zero concentnuon and the 
water is at 50% relative humidity. 

The t e n d  transport theory will be derived below and sim- 
plified using t h a t  assumptions. 

M r u  Balance 

ln a one-d imeas id .  homogcnems porous medium. the 
mass conservation equation for a single pesticide spenes 
undergoing f u s t s r d a  d c u y  may be written u: 

where Cr = mass of solute per soil volume (g/ml), Js = solute 
mass flow per soil a m  per ttme (g/mJ/day). r = net degmda- 1 
tion m e  (per day), r is time (day). and Z is soil depth (m). 

Flux Equalion s 
n e  mrrt nux m y  be written u (ignoring adror~ted-phasci 

t ruupon  and hydrodynamic dkpmion): / 

where the fim tern rcprewnts gaseous diffusion. the s m n d  
t m n  describes liquid diffusion. and the third tenn describes 
convection of solute by mass flow of soil solu~ion; Dc and DL 
may be related to their n l u a  in pure air and water. respective- 
ly. through Eq. 171 and (81. 

Concentration 

Total solute concentration b made up of contributions from 
u c h  phue. u u p m s e d  in Eq. [ I  !I. ,, 

I I c u  

ct = / Q , C ~  - + dcL + aCG Ill] 
Equations 191, [lo], and I l l ]  may be combined to form a ' 
secondorder differential equation. Howcwr, two independent 
relations between Cs, CL, and CG are needed to produce 8 
complete description of ,the t n n t p o n  and in ta ra ion  b c l m n  



3 

phases. Using the linear. equilibrium approximatiotu in Eq. w h C .  L theuniform initial concentration. 
[ ] I  and (41, however, allows us to  rewrite Eq. (91 and [lo] in 
t e r n  of one of the n n r b i a  alone. Thus. Eq. [I!] be UPPER BOUNDARY CONDITION 
written u: 

1'' 

Cr RsCs = RLC' = RcCo. g3.1121 
1211 

where h = &"Id, and k the tnnspon  coefficient acres the 
where r 7 s t a g ~ n ~  air boundvy byer of thickness d. This t m p o n  CO. 

. Rs = QL 8/K0 + aKH/KD,  L%dlh? [I31 efficient is m l y  a diffusion Coefficient divided by a length: 
Cc(O. I )  b the p s  concmtntion at the Soil surface below the 

RL = + 6 + aKH, and i <.. /L* 2 [lo] boundary layer. By assumption. !he gas concentration at the 

- . 3  
top of  the boundary layer. a hclght d above the surface. u 

Rc = pbKD/KH + B/Kn + a , '&'i 1 -[IS] zero. Thus. Eq. 1211 i s  Fick's La* for the g u  flux a c r t ~  the 
air hya. We m y  express Eq. 1211 in terms o f  the total concen- 

are the partition coefficients for the solid. liquid, and weow tmtion using Eq. (161 and the partition coefficient RG in Eq. 
phases. respeaively. which give the ratio of the total concm- (121. 
tration C, to the concentration in each representative phase. 

Equations (I21 through 1151 allow us to rewrite Eq. 191 and - DE aCr/aZ + VECr = - H E C ~ ,  at 2 = 0 [22] 
[lo] in terms of the total concentration. luvinp us with: 

C G w h m H & < R ~ -  ..L+*\e 
Is:? - DE(aCr/dZ) + VECt and [I61 

LOWER BOUNDARY COh'DmON 
ac,/ar = ~ , ( a ~ c , / a z ~ )  - v E ( a c , / a z )  - PC,. 1171 C,(o, I )  = 0 
where DE is the e f f m i w  diffusion coefiicicnt given by 

pa 7 
Dp = (DcIRc)  + (DI/RL) = WYDC + D L ) / R L .  [I8][+1 Solutions to Equat ions 

and VE i s  the effective solute convection velocity given by If we neglect the possibility of chemical precipitation, we 
my solve Eq. (17). (201, (221. and I231 anaiytiully to give 

I191 YE = J , / R L .  

We could just as w i l y  have written Eq. (91 and (lo] in t e r m  
of m y  one of the three phases rather than the total c o n c e n t -  
tion. The advantage of this form i s  that it automrtiaUy (2- f - v E l )  (2- 
applies when, for example, only liquid flow is present. or only 
gaseous flow i s  present. and that it dirmly predicu t a d  con- 

({edc [ * ' I - eve '-1 J 
centrations and louer. As pointed out above, the degradation 
rate coefficient may aaurlly represent unequal contributions + (1 + v kE) exp(VEZ/DE)* 
from each phase, weighted by the partition coefficients. 

J 
( Z +  L + V E t )  

- {etyc [ 
( Z +  V E ~ )  

Prototype Screening Simulations d4x 1 - eCfc [ dm;7 11 
In a typ~cal field situation. some pesticides m applied to  a 

soii layer (surface or incorporated) and are subsequently 
influenced by leaching. vohtiliution. water mpomtion.  or 
degradaaon. The u l m t  to whkh a particular compound it af- 
fected by a given process is a useful environmental u well u 
managerial indu  for classifying pestleides into c u q o r i a .  hs 
mentioned above. we propose the following tcnurio as such a 
scrccnlng tool: 

1) uniform incorporation of a qurnuty M (Jm') of chemi- 
cal to a depth L (em) below the surface, 

2) volatiliution through a stagnant air boundary layer of 
thickness. d. at  the soil surface. 

3) convealon by a s tudy  water flux J ,  = * J or 0, and 
4) infinite depth of unifonn soil below the depth of in- 

corporation. 

This scenario u idahzed but ruffkcntly flexible to  allow r 
vanety of clutifiutioru to be made from a given teria of d- 
culations. The initial d boundrry conditions appropriate 10 
this scenario follow. 

Boundary Conditions 

Using Eq. [Jq, m1, a d  [24], we may wntc the volathation 
flux at the surface as 

. - 
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Tabk 1--Common pmpatiw urmod in akpkriou r i tb  flux w u  nonzero. In alcuhtions w h m  E = 0 (i.e.. RH - I ) .  
1isd.w aed 2.4-D. . d was ~ v e n  a mfd vikut of 4.75 x 10" m. Thk value oi d 

V a ~ b k  Pmpny V8k.  
is obuined with E = 2.5 x I@' mld (2.5 mm/d), and RH = 
0.5 in Eq. (281. 

Di? Air difhuiorr d- 0.U a.ld 

D~- ~ m u  w~da m d i ~  4.3 x 1 0 - d ~  ILLUSfRAffVE CALCULATIONS 
o 04 

1 s o i ~  Table 1 shows the common soil chemical and man- 
& ~~mapknrnlrtiw humidity OJ 6011 agement properties used in the simulations for iindane 
t 7-w 2s.C and 2,4-tL(9cid). In h t a  papen. we will examine the in- 
L or#MKcuboafl8cuoa 0.0125. Oaso 
b W m u  oo.uu 0 3 O t ~ m ' l  

fluince of variations in several of [hue parameters, but 
M  mount of posudb a& 0.1 11 Wn) for the present pntlytis they will be kept constant at the 
L W d w -  1 . 1 0 ~  values gicen. Table 2 summarizes the benchmark 
E w.u  mpar~o m u  0. ~ 6 . 5 4  1 "I* properties of tindone and 2.4-D (acid) obtained from the 

W a g  nu .I, s x IO-WI\ literature at the standard temperature of 2S.C. Thhe  
J; values are subject to uncertainties. which will be shown 

whew erfc (x )  u the complementary error funaion. Other ex- to have an influence on results in a later paper. - pruslons may be writrcn down. e.g.. pesticide flux at other The combination of the common and benchmark 
depths Js(Z I ) .  but meomitted here for brevity. properties in Tables I and 2, the diffusion coefficient 

Boundary Layer Model 
definitions (Eq. [I and (81). and the effective diffusion 
coefficient definition (Eq. (131. [141, and [ I S ] )  yield the 

By assumption, both evapontion rate, f md paticide lindane and 2.4-D effective diffusion coefficients. DE, 
volatilization fiux, J,(o). are limtred by diffuSon thr0~8h the plotted in Fig. 1 as a function of water content. For 
stanant air layer of thickness d above the toi l  surface. Thm- lindane, the rupective contributions add to a relatively 
fore. since we specify evaporation rate, m must select a con- cornant diffusion coefficient over mu& of the nnge of slstent boun&rY I ~ Y C  thickna. To make the apprOpnate water content, which implies that the water content ef. select~on. one mtu the water and pcst~cide diffusion equa- 
tlons across the air layer at the sod surface. fms on diffusive processes should not be significant. 

This conclusion is consistent with the lindane expai- 
Water Vapor Transport mental data for DE presented by Shearer et al. (1973). 

r a  - which showed very little variation with water content. 
.-<- E = Di% [ Q ~ " ( O )  - Q , , , . ( ~ ) ] / Q  wLd I, 9 1 2 6 1  Their somewhat higher& values compared with Fig. 1 

;L~' could be explained by the low organic matter of the Gila - 
Pesticide Vopor T r a n s p o r L  = -J silt loam soil they studied. 

Js ADZ [CG(0) - Co(d)]ld.  
The 2.4-D diffusion coefficient. on the other hand, is 

3 
[''I dominated by liquid diffusion and char.ges by over three 

where Q,, (O/ml) is wrter npor  density. 0 ,  (O/m3) ir liquid orders of magnitude as a function of water content. n e  
water density, md zv u the binary diffusion coefficient of uicuiated values at saturation are similar to tbe DE 
water vapor in air ( = 2 ml/d; Boynton k Bratcain. 1929). If we measurements for 2.4-D of Lindstrom et al. (1 %8) 
fu.nher ssume that q w v  u saturated at the surface (QJC) = taken on nine saturated soils. 
~ ~ ~ 1 ,  that Cc(d) P 0, and that our study state evaporation Figure 2 shows pesticide concentrations remaining at 
rate u eqwl to one-half of a typical evaporation rate (which 30 d a function of depth when the sub- 
would be ne~ligible at night), we arnve at the final relation for ,- - ject to 5 mm/d water evaporar,on, no water evapora- d :  .- -- . 

r v  - .  .73 .A//$&- 
tion, or 30 d of leaching at 5 mm/d. It is clear from this 

. - ,  d = P ~ Y  Q;v(~ - RH)/=QWL, 1281 figure that the high adsorption affinity for lindane -. .:'-'. keeps it loalized near the region where it was incorpo- - , where RH = atmospheric relatiuc.bumidity. Equalion [a] rated initially. whereas 2.4-D is quite mobile. Funher- 
_*":'.?3 % ... 

..-=was used in all uicutations that follow, where upwud water more, the lindane curve is only slightly a f fmed by dif- 
- 7 ?&.J 

~7 * Table 2-Phraiulth~miul orowrtia of liadmac .ad 2.4-D at 25'C. 

Property Valrv 

Smurraud vapor 10" 
daru~ry. CG l&lmBl 

Solubility. Ci 73 

Value hlmm Commnu 

5 x 10- Gonns. 1961 \lethod not a p u f w d  

900 Hrbicidr Hahicib Haad- 
Handbook. 1974 d 

2 x 10'' L 7% R.o& b v i d r o n  M-n of nine .o~h 
1sMl - 

Half-life. T.,, Idnyr) 260 - T.., 0 I d .  IS 

5.62 J- Eaviron. Qurl., VoL 12, no. 4. 1983 
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VOLUMETRIC WATER CONTENT 8 (m3/m3) 

F i g .  1-Effcrtivr soil diffusion t o c f f i i t  mlculalrd for lindrme and 
2.4-D u a fuactlun of water conteal. 

fusion and degradation, whereas 2.4-D is significantly 
depleted by degradation and'spread out by diffusion. 
Figure 3 shows volatiiization flux rates given (kg/ha per . 
day) for three cases (volatilization occurring 'with 
evaporation rates of 0. 2.5, and 5 mm/d for a soil with 
f, n 0.0125). For both chemicals. volatilization can be 
significantly enhanced by upward water flow. which s u b  - 
stantiacts the experimental observations of Spencer and 
Cliath (1973) for lindane in voiatiiization chambers. 
This chemical is predicted to have a much more sig- 
nificant volatilization enhancement due to water flow 
than did triallate in the experiments of Jury et al. (1980). 
~ l though the voldlization of 2.4-D is increased sig- 
nificantly with evaporation, it remains quite $:nail com- 

f pared with lindane. 
Table 3 shows the influence of organic C and depth of 

incorporation on cumulative iindane and 2.4-D volatili- 
zation over a 30-d period without water evaporation. 
Volatilization at two boundary layer thicknesses are 
given: 5.0 mm and 0.5 mm. The thinner boundary layer 
corresponds to a well-mixed surface condition (e.g., due 
to high wind velocity, which causes the pesticides to de- 
plete more rapidly from the surface). As shown in this 
table. volatilization of lindane, particularly for shallow 
incorporation, represents a significant loss pathway, 
whereas for 2.4-D. the loss is negligible. Reduction of 
boundary layer thickness by a factor of 10 incruses 
lindane volatilization (but not proportionally) 
indicating that the concentration of iindane at the 
surface is low (it.. well-mixed), even at the larger 
boundary layer thickness. 

The influence of water evaporation on volatilization 
is shown in Table 4 for both chemicals. The values of 
2,J-D art higher than in the absence of evaporation, but 

- are still relatively unimportant. Lindane on the other 
hand could lose up to 68% of the initial amount in 30 d 
of evaporation-aided volatilization. - 

Persistence of the chemicals at 30 d is summarized in 
Table 5 as a percent of initial application. The 
insensitivity of persistence of 2.4-D to placement. water 
flow, and soil conditions indicates that degradation is 
the dominant loss pathway. Persistence of lindane 
varies significantly with all of these faaon.  so that 
volatilization losses could contribute significantly to 

CONCENTRATION ~i ,130 sovr - EVAPORATION AT 5mmra0v %= - ...- NO LvAPORAtbON 
----a LEICMING A t  Smm/ooy 

] 
._ - 

##---. 

# . 
-#* --- ~ 7 

20 30 40 X, 
SOIL DEPTH (em) 

ng. 2acll l . t .d b d u e  and 2.4-D roncen~ntions rrmaia~nl 
81 30 d. . 

-I 
k ----- -- - - 
t 
Q 0'- ...... -1 

-b a WATER EVICORATION RATE N 
d - - E.0 
C- 
4 --- E 2.5mm/00v --- E ' s.Ommfaov 

m. &Cah).sed Undmm rad 2.4-D surface vobtULotiocl flue 
w m  waca mporatioa ir #coma(. 

T.bb 3-CumYLtiw dt i l i t . t ioa  J i e r  30 d. upocmd aa a 
percent of the I kglh umuor iaitllly i n m t d  

rben ~0 -tor mporation L occluriag. 

Liod.lw r4 .D 

f, = O.O1= fI, = 0.0250 f 0 . 0 1  (, = 0.0250 

d r  d r  d r  d m  d r  d m  d -  d m  
S.0- OJmm 6.0mm 0.5- 6.0- 0.S.un S.0- OJmm 

L r 1 c m  - 
ZI.4 32.6 19.1 Pt 0.1 0.7 0.1 0.5 

mors in the measurement and interpretation of appu- 
ent degradation rate calculated from persistence data 
and Eq. [6]. 

SUMMARY AND CONCLUSIONS 
The crlcuiations above with lindane and Z C D  illus- 

tnte the variety of outputs available with the icmning 
model. The significant differences in behavior between 



the two chemicals in identical circumstances show how 
the model might be uttd to identify the major loss path- 
ways for a given chemical and to letennine the relative 

- mobility, volatility, or penis ten:^ of a group of chemi- 
cals. In later papen we will illustrate these potential 
applications in greater detail. 
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Behavior Assessment Model for Trace 0rganiCS.h Soil: 11. Cbemical C l ~ i f i c n ~ i ~ ~  
and Parameter Sensitivity' 

I\'. A. JURY. \h. J .  FARMER. AND W.  F. SPENCER: 
- .  

ABSTRACT environmental panmetas IS water content. t m p m -  
turc, organic C. and soil pH are not well u n d m t d  

wrric dmmiial In- rcnrrirt - * (Hamaker. 1972). In the absence of Sushquantitatise in- 
v m  in JUQ fl .L. (1983) n ahpU(lli.d by dir- e h a h b  into formation. thc degradation potential of r givm chmi- 
rdrtiliPtio8 aohiltl~ Tk'rolrlillationdrvlfkukr 4 is described with an effeclive fintsrder con- 
i s ~ o n r ~ L C t o r m t t k ~ o ~ m r r i u . r c r ) O ~ ~  
lou I * r in~kro i lo r in  tkkrnduybyr8~1kroilurf.o.fLh s t a t ,  jc ,  or half-life. TIra (Nab. 1980: R ~ o  k Davidmn, 
a t w c i o r  d u e a  10 r codili# on the Ham's L#UII a,,) 1980). This paramclef represents the combined influ- 
, om,k COulici.r (K,, wLm -- m ence o i  degradation in all phases. and is usmUy ma- 
urcd t~ -: d . r ~  -d )sn-. rk - - sured by determinine the fraction .-U( n/ .M(O)  of a given 

a n  ~ucd  om t k  rrk.luca tlnc to or initial quantity of applied c h e m ~ a l  M(0) rcmtining 
dislrm through t k  &I. after a timer according to Eq. [I] 

SimrLcian m &d lor c k r i  I&# inlo one w ...cL.r 
of thew robt&hzmoa w mobility a yo- to rumiw tk wricivhy M(1) = M(o) exp( - P I ) .  
of llclr p r # a ~  lo nrirriorr in w r m  nrpon~bon. rrM cnum. 

111 

w n i c  C friction. and boundam b ~ a  thickness. T k  d e m d e u t  of Published meuurements of r differ widely (Hamaker. 
boch robr~litr:m flra and hubinn flus on l b m  prnvrn ir wm- 1972; Nuh. 19m Rao & Davidson. 1980). not only be- 
marircd. cause of different conditions, but because the deerado- 

.,dditid I,,,+- w . ~  aorcmcl,, dl,,-, tion process may not best be desaibed as first-order. or 
u t w .  kuhinl. because unmeasured volatilization losses and soil 

measurement erron may interfere with the masun-  
Jury. W A.. W.  I. Farmer. m d  #.. F Spmm. 1904. Brhrtor ment of degradation l0SSCS by EQ. I]. Nevertheless. the 
assessment model for trace oqmlcs In WII: 1 1 .  Chemtal chssifiat~on fint-order rate coefficient is useful as a relative index of 
and paramaw srnntmtl!.. J.  Envlron. Oual. 13:567-$72. persistence. - In the model of Jury a a1.'(1983), the s6il coneen- 

In a previous paper (Jury et al.. 1983). we introduced a 
screening model for describing pesticide volatilization. 
leaching, and degradation in soil. The soil surface 
boundary consisted of a uagnant boundary layer con- 
nming the soil and air through which pesticide and 
water vapor must move to reach the atmosphere. As- 
sumtng constant water flow and uniform soil properria, 
we derived an analytical solution. which describes pesti- 
cide concentration and flux as a function of chemical, 
environmental, and soil properties. 

In its present form, the theory is too complex to  allow 
a simple analysis to be made of the influence of soil md 
management properties on chemical behavior. Furtha- 
more. it is not clear to what extent uncertainties in the 
values of the measured chemical properties will influ- 
ence the predictions made by the.medel. Since our pro- 
posed use of the model will bt as a screening tool to 
classify pesticides and other tnce organics. such knowl- 
edge of input parameter sensitivity is ascntid. In this 
peper we examine the t h m  major loss pathways: de- 
gradation. mobility. and volatilization. and simplify the 
general theory in such a way as to allow genml  pesti- 
cide classification into specific behavioral groups. 
Within these groups. we will conduct a sensitivity 
analysis that will examine the influence of various soil 
and chemical propcnles on the loss pathways. 

THEORY 

The processes contributing to biological or chemical 
degradation of an organic compound in soil u e  com- 
plex, and their functional dependence on such soil and 

tntions and surface vo~atilization fluxes are proponion- 
rl to the factor n p  (-PI). The uncertainty in p is likely 
to be u high as 100% or more (Nuh. 1980). which 
could c r a t e  a hrge error in the estimates made for tom- 
pounds with short half-lives (large &). 

Mobility 

CONVECTIVE MOIlUTY - 
In the model of Jury er 11. (19831, it was shown that a 

chemical with r linear, equilibrium partitioning between 
its vapor. liquid. and adsorbed phases will move with 
convmive velocity 

YE = Jw/Rr  = J w / ( ~ d ( a  + 8 + du). [2] 

The-ratio of the total concentration to the liquid con- 
centration is R L ,  where Jw. is water flux, KD is rd- 
sorbcd-liquid distribution coefficient, 0, is soil bulk 
density. KH is Henry's constant, a is volurnctric air con- 
tent. and 8 is volumetric water content. When the 
model is used to conduct leaching screening tuts. the 
convective mobility may be classifd in a variety of 
ways. One useful index. in analogy with chromatop 
nphy, is to define r convection rime t, to move a 
dis trna I when a rater flux JW is present (Eq. [31). 

'Coatmbatioa of Dep. of Soil and Sd. U*. d 
f0bRl~audc. .nd USDA. Rivcradc. CA -1. 10 & 
IWZ 

~ P m f m o r d l o i l ~ ~ ~ ~ ~ ~ o f r a ~ I d r a o r , U m v . d W C  
fonmRi.ckidc. ad s d  deaac.  USDA. 



When adsorption i t  relati\clv high (1.e.. Kt.. > 4 x 10'' 
(m': kg)]. thc s\.atfr content h and OK" lnay be 
negiectcd and !, u 111 be proporttanal ro and Q,. For 
chcmrcal~ such as nonionic pcs t~ada .  which primarily 
adsorb to organic riiaiter. the distributicn coefficient KO 
ma\ be writlea ar.!,,K,,.. *herejgS is organic C fraction 
and A'., is organic' C partition coefficient. In this cue. 

1, = Q I , J ~ . K . ~ . I / J U .  14 - 
This convection time is a ucefgl index of relative 

mobility and also u ill upproximateiy describe the move- 
ment of a front or of the peak of a narrow pulse of 
chenrical. 

When mass flow b) convection ivsmall or negligible. 
the chemical is able to move through the soil only by 
liquid or vapor diffusion. In analogy with the convec- 
tion tlme, we may define o characteristic diffusion time 
ID to move a distance I. which may be wntten as 
(Carslaw & Jaegcr. 1959). 

where DE is the effective soil diffusion coefficient 
(n;/d). given in Jury et al. ( 1983) as 

where Kn is Henry's constant. Dr is gaseous diffusion 
coefficient in air, Dr.'- is liquid diffusion coefficient in 
u'ater, u is air content. and o is porosity. Only those 
chem~cals that move predominantly in the vapor phue  
will have a relatively small ID .  For there chemicrls. the 
first term in Eq; 16) dominates the second. and Eq. [S] 
may be written as 

Unlike the convection time I,, this i n d a  will strongly 
depend on water or air content. 

As described in our previous paper (Jury a d.. 1983). 
the soil and atmosphere are connected by a stagnant air 
boundary iayer through which water vapor d chemi- 
cal vapor are assumed to move by diffusion. The extent 
to which this boundary loyet limits the volatilization 
flux may be used as a criterion for clrtrifying pesticides 
and other volatile organics into general a t q o r i a ,  simi- 
lar to the volatilization groups used to classify chemial 
losses from water bodies (Smith a d.. 1980, 1981). To 
achieve this. it is convenient to distinguish kt*vsca pro- 
cesses where no water flow (E) is occurria# (E = 0) md. 
processes w h m  both volatilirrtion and evaporation uc 
occurring. 

I. \O U 4 t T . R  t\ .POR4110\ L ' 0 

When a chml-1 is inlriail\ unjfdrml\. i n c ~ r f o ~ ~ ~ ~ ~  
in tile roil at a total cOnCel~~r~tlOn C;. ( p i  rn '1, the 
mutn vniatiiiutton nu* rate J ,  thrauph the soil .ii~rface 
to the atmosnhcre that could ocsur I\ given by Jur! al. 
( 1980) 

wnere DE is given in Eq. I61 and where r i s  time (days). 
This flux n t e  is that which would occur with no 
boundvy layer resistance in the air or tquivalmtly when 
the surface concentration Cr(0.r) is held at zero for .I1 r 
> 0. 

When a boundary layer of thicknas d is ptercnt, the 
maximum flux Jr. that can move through the boundary 
1a)m occurs when no soil resistance is present and the 
gas concentration CG at the soil surface is held at its 
initial value CG(o) = CdRc 

where Rc = R L / K H  = ( Q & ~  8 + o K N ) / K H  is the 
ratio of the total dheminl concentration to the concen- 
tration in the vapor phase. Equation (91 assumes that 
the concentration of the chemrcal in the free air above 
the boundary layer is zero. 

Whm a boundary layer is pment. it will act to restrict 
vo&tilizati?tn fluxes only if the maximum flux through 
the boundary hyer Jv, is small compared with the rate 
at which chemical moves to the soil surface. which we 
may represent approximately as J v .  Thus, if 3,: 4 Jv., 
then 

By plugging the definitions for RG and DE into Eq. [lo!* 
we may rewrite the condition expressed there in terms of 
the soil and chemical parameters in the various terms. 
To  simplify the interpmrtion. we wiil use standud 
valuer for many of the soil and chmnial propatics 
other than the propmies that differ greatly for different 
chemicals. There are sumrnrrind in Tabk 1. 

When the roil wata  content is reasonably high (e.g., 
8 > 0.2)- then the second term in the numerator of Eq. 
161 will dominue the f i r s  term under the same drcum- 
stances (small Kn) when the inequality in Eq. (10) is 
valid. Thus. wing Dr - DL/Rr, we may rewrite Eq. 
I101 



whm it has been assumed in going from Eq. 110) to Eq. 
[I 1) that RL = Q ~ A ' D  = Q ~ ~ ~ K ~ ~ .  

If  we plug in the standard valua from Table 1. dong 
with r 3 2 d and d = 5 mm from Jury et al. (19831, we 
obtain a benchmark criter~on for a boundary layer in- 
fluence when volatiiization occurs without watcr 
evaporation 

A'h/KD 4 9 x 10"(kg/mJ) (121 

with f, = 0.0125. 

CASE 1. WATER EVACOWAT 10% E 0 

If  upward water flow cames an insignificant mount 
of pat~cide compared with upward diffusion. then the 
analysis is identical to c u e  I .  However, if upwud con- 
vmlon is dominant. as it will be if the solution concen- 
tration is high. or if evapontion and volatiliution both 
occur for a long time period. then the upward flux of 
chemical J v ,  toward the boundary layer is approxi- 
mately equal to 

where CL is solution concentration. The criterion for a 
boundary layer restriction on volatilization in this case 
occurs when J y :  a It.., or 

Further, if we assume, as in Jury et al. (1983). that water 
evaporation is also regulated by the boundary layer. we 
may write a water vapor diffusion equation across the 
boundary layer as 

where Q ,L is liquid water density. Q ,, is saturated water 
vapor density and RH is rdative humidity. The factor of 
2 i s  inserted. as explained in Jury et al. (1983). because 
our model uses a steady-state evaporation flux, whereas 
normal field evapsration rates are small during the 
evening hours. When Eq. [I 51 is plugged into Eq. (141 
we obtain 

Note that Eq. (12) and 1161 arc identical for KD - 7 x 
lo-' (m3/kg), which is a value representing moderate ad- 
sorption. 

- 
Rdrtionship to Chemid Voiatilization 

-from Water Bodies 

Volatilizat~on of dissolved chemicals from water 
bodies has been modeled using a linur two-resistance 
film model (Liss & Shter. 1974). and by a two film 
model using penetration theory to represent tfuupon 
from the liquid to the air water interface (Smith a d.. 
1980,198 1 ). Irrespective of the model use. however, one 
concludes that t h m  is subsunti.lly lcrt resistance to 

volatilization from the water body than has been found 
here (see Eq. I?]) for ~olaulizatton from soil. AS a re- 
sult. in water SysImZ. the air boundary layer forms a 
barrier to chemical loss at a much h~gher value of K,, 
than that predicted by Eq. 1161 for sod systems. For ex- 
mple. the mtcrlon equivalent to Eq. 1161 obtained 
using thcapproach of Smith et al. (1981) for chem~eal 
loss from rivm IS 

KH 4 3.8 x lo-'. 1171 

The reason that one obtains such a different answer in 
water bodies than in soil is that in a soil s)-stcrn upward 
chemical movement i s  restricted both be adsorption and 
by tonuosity effects (increased path length. decreased 
cross-sectional area) on diffusion compared with water 
transport. Since resistance to transport to the 
aunosphne through the stagnant air boundary layer is 
simihr in both cues. the transition point where vola- 
tiliution loss is regulated by the vapor phase shifts u p  
ward by over two orders of magnitude when water is 
analyzed instead of soil. 

Pestidde Volatliiution Categories 

To simpnfy subsequent discussion. pesticides whose 
properties obey the inequalities Eq. 110] or Eq. (16) will 
be called category 111, those whose propenies obey the 
opposite inquality ( w )  will be called category I, and 
those for which Eq. (101 or Eq. (161 represent an qurli- 
ty wi!l be dlcdzategory 11. Table 2 presents hypothai- 
nl but representative benchmark propmia for pati- 
cida in each of the three categories. For simplicity, each 
pesticide is given the same K,, water solubility (C;), 
and r. and Henry's constant KH variations u e  achieved 
by varying saturated vapor density, C,: With the above 
choices. the three pesticides fall unambtguously into dif- 
ferent categories by both Eq. (10) and 1161. 

RESULTS 

Equation 13) or (41 defines the dependence of the con- 
vective mobility time re on soil and chernid-properties. 
To illustrate its use we may calculate the time required 
to move the c b c m i d  1 = 10 ern when water is applied at 
Jv = 1.0 cm/d, for the standard conditions given in 
Table 1. with the result that r, - I 7 0  K, + 10 8 (drys). 
Thus. the chemicals 2.4-D [(2,~dichlorophenoxy) amic 
acid] and lindane (y-1.2.3.4.5.6-hexachlorocyclo- 

Tabla 2-Hypetbetial paatidde k.* pprtir ud 
thmi?~.~.~.CiCJdmi#mtior 

Clw~goy c a m  Clugr). 
Rapw I I1 111 

V . p  dmmity q l@BI') 10" 10" 10- 
SohrbPity q (dm') 40 40 40 
K- b'lkl) 0.5 0.5 0.5 
KD ldlkd 6.3 x lo-' 63 x 10'' 6 6  X 10" 
ld") 0 0 0 
KH 2 S X 1 0 "  25x10- '  Z b X l O "  

IPW'Km 1s x lo4 1.2s x 10- 135 x 10'" 



rtg. I-~rcctlvc dirru~om met-Om (uetk. m i  rra coaac 
lor pmtotyr ckaids m p m n n ~  W Lr vohWhWa - 
sor ia  

haunt), which have KI = 0.02 and 1.3 mJ/kg* "' 
swctivtty ( J u ~  a d.. 1983) have conve~ive tirn6 of 
6.4 and 224 d. r~pa t iv r ly .  These chcmids 
npteKnt highly mobile and mktively immobile corn- 
Pounds in a leaching classification scheme such s that 
of Welling ( 1971 ). 

The diffusive mobility u defined by Eq, [7] will be 
important only for vapor domina~ed cornpun& with 
k l e  KH and small K,. f o see this. if we nquiw that In 
dry roil (a  - 6)  the diffusive time to move'l0 cm be 
< 20 d for a roil with propmia  given in Tabk 1; Eq. m reduces to the condition K,/KH < 20. Thi condi- 
tion is met only for fumigants and other vapor-domi- 
mted compounds of low 8dsorption. The compounds 
2,CD and lindane, for uumpk.  have K,/KM = 3.5 x 
1 0  and 1 x 10'. respectively (Jury et al.. 1983). 

Figure 1 shows a plot of effective diffusion coeffiaenr 
DE (Eq. (6)) as a function of volumetric water content 
for the prototype chaniclls (Table 2) chosen to repre- 
sent the lhrcc categories. From this figure it is clear that 
a ategory I chcmial is dominated by vapor diffusion 
and a atcgoryJI1 chemid  is dominated by liquid dif- 
fusion o m  most of the water content range. Category 
I1 chemicals ue vapor-dominated ar low water content 
and liquiddominated at high water content. 

Figure 2 shows volatilization flux rates vs. time for 
the t h m  prototype chemicals under three a s s  of (i) no 
mpomtion, (ii) s tudy evaporation at 2.5 mrrdd, and 
(iii) study wrporation at 5.0 mm/d. Again, a clear dis- 
tinction is apparent between the behavior of category I 
and category 111 chemicals. For category 1. the volatili- 
zation flux shows a characteristic decrease with time in 
all t h m  cases. whereas the flux rate of the catqory 111 
chemical tends to i n m u e  with time when upward water 
flow is occurring and to decrease slowly with time when 
wapomtion is not present. The catqory 11 volatiliza- 
tion flux dmascs with time when no evaporation 
orrun and i n m u c s  with time when high evaporation 
occurs. 

Figure 3 shows the influence of changes in w u a  con- 
tent on v o h t i l i i o n  flux rates for the three chemicrlt 
for both volatiliruion without evaporation d voh- 
tiliution with r water evaporation rate of 2.5 mm/d. 
The results suggest a very complicated dependence on 
water content for both cues. For eumplc  category 111 
chemicals show no water content dependence when 
water k n o t  mmponting, but ue strongly w u a  content 
dependent when evaporation is occurring. 

Figure 4 shows the effect of changing orpaicC fa- 
tion/, on volaa'Situiaa flux rates. Since deaaring ad- 
sorption increases both convective m d  diffusive 
transport to the surface, in P11 usa voht ib t i0n  in- 
m u e s  with decreasing organic C fmdon. How-, 
the extent of the dependence seems ~ ~ m w h u  SuoWer 
in category I11 thm categoq I. 
Figure 5 shows the influ- on volrtilintion of ubi- 

truily changing the thicknas d of the stagnant 
boundary layer while forcing ~ p o m l o n  to  bc either 0 
or 23 w d .  Y I h  ubiolrr action hu the effect of de- 
coupling w r t a  cvaporrtion and boundary layer 
tbibcss (Eq. [lo]), but -Id k .ccomplithed in prin- 



F i ( . 4 - E f f m o f - L . a C f n c l k . r - h r  
ma for ck l h m  c h a i a l  m o c y p r .  Top cmms m for a 
nreonriol rnd krm arnr uc for .rrponliw of U w d .  

ciple by adjusting the reluive humidity of the air above 
the bounduy layer so u to maintain E = constant. 
Here it is obvious that the atcgory 1 chanial has a 
volatilization rate that is independent of boundary layer 
thickness in the range d c 5 cm and that the atcgory 
111 chemical has a volatiliution rate that is inversely 
proportional to boundary layer thickness over the range 
0.05 < d < 5 cm. 

DISCUSSION 

Since Eq. 181 and [9] are respectively the maximum 
rate of chemical movement through the soil to the sur- 
face and from the surface to the air, it is wonhwhile to 
compare t hae  fluxes with the a n d  predined voluiii- 
zation rates for the three chemical categories. This is 
shown in Fig. 6. where the dashed curve gives the 
boundary layer flux Jv, (Eq. 19)) where CG(o) is held at 
its initial value, the dotted curve gives the maximum roil 
loss rate Jv, (Eq. [a]) m d  the solid curve lives the actual 
flux. From this figure it is clear that the fuctory I 

m. -ted wohIUln~ion flux nta for the I h m  ckcclcc 
w h n  nIc1 crapantiom n rot ommq tsaJU L i r  
urrir.- nus t ~ m s k  k r . * a ~  bm wr*. a. 1 

(M Y w )  m d  u r i n r m  flux pouibk w k .  mo boa-- h) 
ir pmeu, ak~llcl from Ea. 121 (dolwd Limes,. 

z 10.-L " - 

chemical behaves as though there is no boundary lay 
raistrnct [CG(O) = 0)  and the category 111 chcm~cal t 
haves u though there is no soil resistance [CG(o) I 
mains at its initial value]. The category 11 chemical h 
propenia that c ru te  soil and boundary hyer resistan 
of approximately similar size. 
Thus. Eq. [8] and 191 may be used to represent r 

vohtiliution rates of category I and I11 chcmicllls, I 

spectively. when no water evaporation is present. 
particular, the functional dependence of t 
volatilization rate on various soil and chania l  para] 
a m  may be obtained by plitgging in the defininpcq~ 
tions for DL and RG into Eq. [8] and 191, respectively. 

Cateeory I Chemicals 

0 20 10 20 10 to 
rtwr -1 

h. S--Effw of 1. Yffmdom 1.m n 
~obuuzs- nu m for t ~ *  U- - 1- 
c c m c r . n f o r r m . r y m ~ n u . I J k n w ~ ~ u ~  
th .I 2 3  rwd. 

Equations (1 8 )  and [ 191 explain the rc lmnt  functio 
al depcndenca of the E = 0 volatiliution curves shot 
in Fig. 1-5. For example. Eq. (191 approximately pl 
dims t h a t i  atcgory I11 chemical will have a volatih 
tion rate thu has no 8 dependence (Fig. 3). no time c 
pcadcncc (Fig. 3). will be inversely proportional to J 
(FI~. 4), m d  inversely proponiorul to d (Fig. 5). 

- 
r( 
7 
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L 
The limiting behavior for v o ~ o n  with evapor 

tion is more complex than the evapontion-free case ft 
several rertons. First, both diffusion and convmir 
may contribute to the movement of chemical toward t1 
soil surface. Thaefon ,  category I chemicals will n 
have volUilizuion rates that are equal to the rue  . 
which the chemjd is moved with water in ~f fordmc  
with Eq. (131, except at large tima if the mas 81 
proaches a steady-sute rate of loss. Secaad for 
b o ~ n d ~ h y a  limited &emid (-OW Ill), UpwU 

--__.----------- 
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(1984a). The convective mobility time, r,, is calculated 
by assuming piston flow of chemical and instanuneous 
puritioning between the three phase. The formula, 
taken from J w y  et 11. (19840) is given in Eq. [I]  

tr = ( e , / ' ,  + 8 + oKn) l/Jr. I l l  
DUfasin MobUity Tests 

The diffusive mobility time. I D ,  is rrml: only for 
vapor-dominated chcmiah and is alculated from the 
fonnuh given in Jury n d. (1984a). summarized h m  as 
Eq. 121 

ID - r6ye jcK,  + e + dKH)/D*""K~. 121 

VbPOl OLYSl tT  i y l l l  
w h m  a is vohmaric air conteat and DF'b the binuy 

Ti:. 1-Vapor d m r i t ~ - ~ a t r r  rd rb l l i i y  ~ ( o o  h . I Y Y F ~  pep M I* gaseous diffusion ~0efficiait in free air. 
a c b  of the 35 cbtmaab-Srrh i. lk mlr lo 8- 
kn d v t n  is 1 nbk I. Solid U s 6  rormp.l m Y.cr of c o r u u  K,, . V d r t U h d o ~  'Tests 

Convective Mobility Ttsts The simuktions of " o k i h t i o n  uc conduaed ruing 
tbe complete model -bed in Jury et rl. (1983). 

In ordu to analyze convmive l a d  diffusive mobi ty  when acb cheuaiai k applied a! 8 uniform ConCCntn- 
in a conststent manner. we will enimue the time re- tion of 1 Whr to 8 dcptb L in tbe soil md it d h w d  to 
wired to travel a distance I = 10 cm through the toit by v o ~  through 8 nl.runt air bowduy d- 
convection and by diffusion, as dewloped in Jury a .I. a mfreb time paiod in the pmena or of 



water evaporation. The resulting v o h t i b t i o n  fluxes 
and cumulative losses ue used to  atcgorirc the nluive 
susceptibility to lou to the umosphere. 

Penistcnn Tests 

For a given chemial, dissipation from the soil occurs 
both by de~radation and volatiliution. Since 
persistence is m euentirl index for duna t r i r i ng  the cf- 
fmiveness of the chanicll u well u its hnrd. a dy- 
namic estimate IS needed for persistence. in additionro 
biochemical half-life values. Persistence, u alarlued 
from the scenarios d h u s d  above, will be summuizcd 
in the form of effcctiw half-lives, which indude both 
volat i l i ion and dcpadwon. For a gi*wa rccauio, 
this dynamic or volatilintion half-life. E,,. will be d- 
culatcd as a function of the amount M(r) remaining in 
the soil after a time r, by solving M(t)  = M(0) cxp 
(-0.693Unr) for f i a ,  or 

w h m  M(0) is the initial mass in the soil. In is the natural 
logarithm. and 0.693 = In (2). The rate coefficient fi, 
discussed in Jury et al. (1983), is defined 8s r n 
ln(2)/T, ,,. 

RESULTS 

Figure 2 shows soil concentrations vs. depth taken at 
30 d after leaching at a study n t e  JW = 1 cm/d for 
t h m  chemicals (DDT. benzene, and bromadl) chosen 
from Table 1 to represent a nnge of benchmark proper- 
ties. Thae concentrations were alcukted with Eq. 1241 
from Jury et al. (1983). It is cieu from thi calculation 
that for two of the chemials. DDT and bromacil, a 
simple accounting of the center of mass of the chemical 
puke by piston flow would give 8 good approximation 
to downward movement by lerching. and Eq. (1) would 
give a reasonable enimue of the time required to move 
a 8ivm distance by leaching. However, in the are of 
benzene. movement by vapor diffusion h u  compleceiy 

"0; I0 20 50 40 X) 4 60 
SOIL DEPTH (em) 

f i a . ~ - ~ ~ m e a v n l . . d ~ W 4 ~ f b r L 1 . 1 f w ~ ~  
-.ull*rckrlerb- t l r ~ d d o f  JM u J . ( 1 9 8 3 ) . S ~  
eamdi(k.ld-8 r Us/, - @ a m J a - -  1 d C L  
CI. 

dispersed the pube during the 30 d of leaching an 
estimate of the ltxation of the center of the pulsc 
but impossible to make. For this reason. it is usciul 
to uumine the convective and the diffusive rnob~i~ 
a compound. If the latter is significant. then one n 
expm behavior such 8s thu  s m  in Fig. 2 for ben; 
and h m a  that purely convective mobility indicts. 
u RF V ~ U C I  (Helling, 1971). ore not sufficient t( 
scribe their m o m e n t .  

Table 2 summarizes convmive t ima r, and diff 
times tb in days calculated from Eq. [I] and [Z; 
spmivdy, for the case I = 10 cm and IIV = 1 c: 
fhe  classifiauon schanc given next to the convc 
t ima  corresponds to that giwn in McGlI a al. (1 
based on K, values, where classification 1 rqm 
d i v e l y  immobile compounds (Ka > 5 m8/kg) 
d a d f i a t i o n  5 rcprrtcnu the most mobile (K, c 
mJ/h). This is similar to the mobility clssifica 
based mRF values g iva  in Helling (1971). Also sr 
in Table 2 ue the diffusive times that have been qu 
tively ranked in r classification scheme where c b  
tion 1 represents insignificant diffusive mobilit 
> 100 d), drrtificuion 2 represents moderate mo 
(20 < to < 100). and c h i f i a t i o n  3 represents 
mobility (to < 20 d). 

By comparing Fig. 2 with Table 2 it is sten that 
is immobile both in c o n d o n  (chs I )  and diff 

T . b k 2 ~ ~ t , d d U l ~ m h t t , r ~ ~ y ~ t a  
1 0 a i 8  r OAJu-= 1d&l,=0&125.0b= lwk#; 

~ r i t h w b i i i t y ~ i t i o a 1 3 k r ~  
d 1-3 tdiff-. 

c n ~ Q u i t . D U h u o s C  
No. cL.aicrl a r * n u m c  - 

&I, 



(class 1 ). \v:lcrus brrbrnacil is very mobile by convcc~ion 
(class 4) but immobile by diffusion (class 1). For this 
reason, the pulse of bromacil shown in Fig. Z moves into 
the soil but docs not si@nifimntlp c h m ~ e  its shape over 
time. Benzene is also in convection d u s  4, m d  by that 
criterion alone should behave similarly to bromacil. 
However. bcnzene has a high diffusive mobility (class 3) 
and hence penantes far dcepn into the roil than ex- 
pected bated on convmion alone. Figure 2 shows how 
misleading a traditional mobility cfusifiation such u 
the RF system would be for compounds such as benzene 
with class 3 diffusive mobility. 

Figure 3, 4. wd 5 show volatilization fluxes vs. time 
for each of the 35 compounas for the case of no mpo- 
ration (solid curve), evaporation at 2.5 mm/d (dotted 
curve). and evaporation at 5 mm/d (dashed cune). .4ll 
of these tests were conducted for sundud  soil and 
initial conditions (M(0) = 1 kglha. 8 r 0.3. Q, = 1350 
kg/mJ. j, = 0.01U. L = 10 em), and included the 
stagnant air boundary l a m  of thickness d through 

- ~ 

TIME loorr) 
Fii. 3--VolatiUntiom flu% rr. time lor r)waicrb msd bm the 

t a t .  Saadnrd roldit ioms ucd a: f, = 0.0125: 8 - O.& L - 10 
m : E  - O t r d i d c v r c ) . E -  Urrfdtdos1cdsmmr),U1E - 5.e 
mm/d ( d u h d  carbe). 

Th. C V o h ~ l U m U w  (lor n. rime lor ckrbb mad L. cL* 
t a .  S ~ . d 8 r d  eolJl(kw .ul a m  f, - 0.011: 8 = 03: L - Y 
car:udE = O t W - ) . E  - U r r / d t k t w l - ) . a d  
E = 5.0 mm/d tdmM -1. 

which chemical and wucr vapor must diffuse to the 
atmosphere (Jury ct rl.. 1983). The boundary laver 
thicknesses for the hm water evaporation (El rates. 
calculated using Eq. [W] of Jury et 91. (1983). were d = 
4.15 x 10" m ( E  = 0 m d  2.5 mm/d) and d 1 2.38 x 
10''(E = 5 mm/d). Figure 3 cont.int the ro-ulled vola- 
tilization category I1 m d  I l l  compounds (KH s 2.5 x 
10") u discussed in Jury a d. (1983). Fig. 4 contains 
ategory I compounds for which m p o n t i o n  influences 
volatilization. and FiB. 5 contains category I 
compounds for which ~ p o r a t i o n  does not influence 
volatilization. 

When grouped in this way the compounds follow a 
consistent behavior pmcm, with the volatiiition flux 
of a t q o r y  11 and 111 compounQ increasing when 
evaporation is present. dcacuing somewhat with time 
when volatilization occurs without evaporation. 
Furthermore. for compounds in a t q o r y  I, volatiliza- 
tion flux d m c u c r  with time for d l  cases. The com- 
pounds in Fig. 4 and S may be distinguished by whether 
or not mapomtion-aided voluiihtion is increased sig- 
nificantly relative to volrtilintion without waporation. 

Pcntrtcwc Tau 
Table 3 gives the mus nmrining at 30 d expressed as 

a percent of the mur initidly present for the low volr- 
tility compounds, subjet to either E = 0 or E = 5 mm/ 
d and for shallow (1 = 1 an) or deep (l = 10 cm) in- 
corporation. These results were calculated by inte- 
grating Eq. 1251 of Jury et al. (1983) and thus include 
degradation as well is vohtilitPrion loses. Table 4 pre- 
sents percent mass remaining after only 1 d of volatilii-- 
tion for the high volrtiliiy compounds in Table 1 for the 
case of E = 0 and L = I and IO-cm dcpths of in- 
corporation. Also shown in this ubie are effective voh- 
tiliution half-lives, T t ; r ,  calculated using Eq. 131 for r 
= 1 d. As noted in Table I, these compounds w m  as- 
signed infinite dcgdacion half-lives; thus. the c,, 
values in Table 4 are only for volatiiization. Finally, 
Table 5 calculates effeaive vohtiiiution half-lives for 
all of the 35 compounds without ~ p o r u i o n  using Eq. 
[3] and the vrluu dvm in Table 3 and 4 for E = 0 and 
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E t w d r y l o n d  L4aw.k.l ritLeff&n +d.uhm 
M4*n U l m d  f m  Eq. 13C 40 = 0.3. 

M IO) = 1 k g l k  (- - O.Om. 
L-1-  L-10cm 

E - 0.0 P = 1.0 P - 0.0 E = s.0 -- 
ChnfuCd 5 . rc f, T ! r?.: 
A t n a m  73.6 68 b4.8 J( 7 . 7  71 66.0 56 
Bmnvdl 9(3 JS1 933 300 94.3 354 e3.8 32s 
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L = 10. Table 5 presents a persistence clusificrtion 
scheme ranging from 1 (very persistent) to 5 (very shon- 
lived). 

DISCUSSION 
Mobilib Tau 

For compounds that mow primarily in the liquid 
phase, the organic C pinition coefficient, K,, a p p r s  
to be a useful bcnchmuk property for charaaennng 
susceptibility to leaching. However. for volatile com- 
pounds such as fumigants, which have a substantial ac- 
tivity in the vapor phase. movement by vapor diffusion 
may be significant compared with convective transport. 
For this reason, it is recommended to use both convec- 
tive and diffusive criteria for uteuing mobility, since, 
as shown in Fig. 2, conveaiw mobility is not a suf- 
ficient criteria for dctcnnining movement of benzene or 
other compounds of high Ku rad low K,. On the o t h a  
hand. for the high voluility compounds with subruntid 
vapor mobility. dissipation to the atmosphm will be a- 
trcmely rapid exapt in those cua w h m  continuow 
downward m o m e n t  or r mil cover pttventt escape 
through the soil surface. 

The similar voktiiidtion behavior of the compounds 
in category 11 or 111 shorn in fig. 3 is consistent with 
the generalizations given by Jury cr. al. (1984a). The only 
compounds in this group for which vohtilirrtion de- 
creases with time arc those in category-ll whose bio- 
chemical half-lives (parathion, methyl parathion) are 
shon enough to a w e  subsuotirl dhppurancc of the 
compound during the 20 d of simulation. For the rest of 
the compounds, the dcpndeaa  of voiuiKzariou on 
m p o e t i o n  of w u a  is subnrnrirl and hdr to ia- 
cnuer in voluiiizuion flux of Up to 2 orders of my- 

Tmbk 4 - W t  lsur ' ' ia roil mod rflmt 
..*tibBw hu-bfe &= I d of vd.t i l iut to~~ 
rirLort.nurrnpacPltc) = OJ.AfI = 1 klrh .  

f,,, - 0.0125) f ~ e b  *oAstility ~ p o u a d a .  --- - 
~ ~ c . m u o l y  W-Lilo t' : 

L-1cm L-lOcm L = 1 m  L - l o  Cbmuai 
&.rm 8.7 63.0 0.3 1 .f 
Riph~oI SO.4 01.6 1.0 12.1 

52.6 WS 1.1 13.4 
4.9 44.0 0 2 0.C - 13.5 76.6 03 12.C 

ChbfOfml~ a. 1 61.6 0 3  1.4 
Erbyhediboedr 166 81.4 0.4 3.4 
M r r ~  724 973 2.1 24.: ~~~ 2.8 24.4 0.2 02 

$%= 64.2 
9- 1.1 I4.C 

U.4 96.5 1.6 19.4 
N a v r  3.2 19.9 0 3  0.6 
P)rod 67.6 eU 1.6 0 . 1  
Vimylchbridr 25 243 0 2  0.: 

nitude at the end of 20 d compared with evaporrtl 
free vohtiiiarian. 

The category I compounds shown in Fig. 4 and 5 i 
behave consistently and differ only in the extent of 
pcndena on evaporation. As discus& in Jury a 
(1984a), cn&nccment of vol.tilintion flux by cnpc  
tion depends primuily on the relative imponurce of 
ward movement to  the soil surface by conveaiou ; 
vapor diffusion to  the atmosphere at the soil surf; 
Thus. those compounds in Fig. 5 with Kor (i 
large t,) (biphenyl, DDT, mercury, n sc tme .  i 
phcnmthrrnee) twill h r ~ e  t ~DIU convective ~ U X  tow 
the surf.cc .nd hen= little effect of evaporation 
pestid& loss. However. the reu of the com$oundr 
Fig. 5 tht show little effect of mporuioa oa voh1 
d o n  have 4 K d s .  These cornpour 
hrvc very hm volrtiHntion f lu~u ,  rvhKh U C  dol 



noted by diffusive loss. Furthermore, the extent of u p  
ward convmion is controlled by the rapid decrease in 
initial pulse size by vapor diffusion. since all of the re- 
maining compounds in Fig. 5 have high diffusive 
mobility (Table 2). It is instructive in this regard to com- 
pare the volatilization flux vs. time graphs for chloro- 
form (Fig. 5) m d  nitrobenzene (Fig. 4). Under wapon- 
tion-fret conditions. the chloroform volatilitotion flux 
is much larger than that o i  nitrobenzme, except for long 
time periods. For evaporation-aided volatilkation, 
however. the nitrobemme flux exceeds that of chloro- 
form after about 4 d when E = 5.0 mm/d. The com- 
pounds have two major differences. Nitrobenzene hu 
negligible vapor diffusion (vapor mobility c h  I). 
whereas chloroform h u  high (class 3) vapor diffusive 
mobility. Thus. the nitrobmtene pulse will approxi- 
mately retain its initial shape during voktilitltion. so 
that the liquid concentration moving to the surface by 
convmion is high. Chloroform, on the other hand, will 
diffuse downward and the puke will decrease in site 
much as benzene did during leaching in Fig. 2. As a con- 
sequence. the equilibrium liquid concentration moving 
to the surface by convection is s d l e r  than that of 
nitrobenzme. even though their liquid partition coef- 
ficients. RL = Cr/CL.  where C r  is total concentration 
and CL is solution concentration. are similar. Hence, 
evaporation does not enhance the volatilization of com- 
pounds like chloroform. 

Tables 3 to 5 demonstrate that volatility can g r ~ t l y  
affect the persistence of many of the compounds 

I screened. In fact. Table 5 suggests that many of the de- 
gradation coefficient mcvurements made in the field 
have probably been influenced by volatilization losses 
and hence are not a good index of biochemical activity. 

- For persistence class 1 compounds. shallow placement 
greatlv influences effective half-life and persistence. For 
example, lindane was cllculrtcd to have an effective 
volatilization half-live of Z t ; r  = 49 d with I-cm place- 
ment and 193 d with 10-cm placement (E = 0). Further- 
more. these effective volatilization half-lives are greatly 
reduced (to 16 and 132 d. respectively) when water 
evaporation is present. Our benchmark degradation 
half-life for lindane (Table 1). baed on labomtory 
measurements with volatilization suppressed. is 266 d. 
For shallow placement. the degradation lots pathway is 
insignificant compared with volatiliution. On the other 
hand, monuron, which doer not volatiiize rignific8ntly. 
has essentiaily the same effective half-life (fit* = 266) 
under all conditions except when E - 5 mm/d and L = 
1 cm, when it reducn somewhat to 158 d. 

On the basis of information given in Tabla 3 and 4. it 
is possible to group the 35 compounds into qualitative 
persistence classes. This is done in Table 5, for the 
standard condition bf L = 10 cm, f, = 0.0125. E = 0, 
8 = 0.3. In all cases. the results of these tens a n  a 
function of the standard conditions usumed. If the tests 
were repeated under different organic C fractions. dif- 
ferent water contents. etc.. somewhat different 
conclusions might be drawn. However, the analysis of 
Jury ct 11. (1  9840) was intended to dirccnr the undaly- 
ing functional depmdence of volatilization category i 

and category 111 compounds on these standard condi- 
tions so that reputed SCrefiing tests need not bc run In 
211 cases. Thus. for example, using Table 3 of Jury et 11. 
(19841). one would predict for volatilization flux an in- 
v m c  d c p a d e n n  on organic C fraction for category 111 
compounds (Jv proportional to fs) and an inverse 
s q w c  robt dependence for category 1 compounds ( J c  
prop0nion.l to f;") when volatiliution occurs without 
evaporation. Under these conditions, one would also ex- 
pect no water content dependence for vohtiiization of 
category Ill compounds. 

SUMMARY AND CONCLUSlONS 

Using the model of Jury et al. (1983). we have per- 
formed tests on the 35 chosen chemicals to determine ' 
relative convective and diffusive mobility, susceptibility 
to volatiiiution at the soil surface. and general per- 
sistence in soil as a function of depth of incorporation. 
The results have bem presented in a series of relative 
categories for susceptibility to loss through the various 
pathways. This information might be useful in a specific 
appliation by considaing several diffmnt classifica- 
tiom simuluneourly, such u convective mobility and 
pcnistence to determine whether the chemical will per- 
sist long enough to be a hazard to underlying ground- 
water in an area w h m  leaching is prevalent. Funher- 
more. information on relative volatility as a function of 
depth of incorporation is useful for placement design. 
Finally, if a substantial amount of experimental 
information is available about the behavior of one com- 
pound under natural conditions. this information could 
serve-to rcpraent a group of compounds that have been 
classified as similar using the screening model. In this 
manner. the id& scenarios represmted in our model 
could be linked to the rionideal properties of the real 
world environment through experimental data. 

However, it must be emphasized that this is not a 
simulation model. The purpose of the series of papers is 
to present a simple procedure for determining the 
relative behavior of chemicals under prototype condi- 
tions. In the final paper in this series. Jury n d. 
(1984b). we will review the experimental literature to 
substantiate the g m d  model assumptions used in the 
paper and will demonstrate where predicted behavior is 
manifested and certain trends seen under natural 
conditions. 

APPENDIX 

Sckntific nmma of chemiab used in tbb 8rricle. 

Common or 
trade name 
Atruine 

Bromacil 
Carbofuran 

Chloroform 
2,CD 
DDT 

Chemical name 
2-chloro4-(nhylomino)-6(~pro- 

pylaminol-s-triazine 
5-brom~3-su-bl;tyl4mdhylumal 
2 ,3-d ihydro-2 ,2-d imnhyCf-~  - 

funnylmethylarbamate 
vichloromethane 
(2,4.dichlorophmoxy) a m i c  acid 
1 , I ,  l-trichlor~23-bis@chloro- 

phenyl) ethane 



Dieldrin 1.2.~.4.10.I0-hexrchlorod.7-epo~y- 
l.4.4a.5.6.7.8.8a. octahydro-l.4- 
endo-uo-5.8-dimnhonrph- 
thriene 

Diuron 3-(3,Uichlorophenyl)- 1 .  I -dimethyl- 
urea 

EPT A S-eth yl dipropy lrhioarbaraate 
Ethoprophos 0-Ethyl s.s-dipropyl phosphorodi- 

thioate 
Lindane y-1.2.3.4.5,bhe~chlorocyclohexurc 
Methyl parathion 0.0-dimethylo-@-nitrophenyl) 

phosphorodithioate 
Monuron 3-@-chloropheny1)- 1. I dimethylurea 
Naproparnide 2-(a-naphthoxypN, N-diethylpro- 

pionmide 
Parathion 0,O-diethyl O-@-nitrophenyl) phos- 

phorodithioate 
P horatc 0.0-dicthyl s-[(nhylthio) methyl] 

phosphorodithioate 
Prometrync 2.J-bis(isopropylominoMmethyl- 

thio-s-tnazint 
Simazinc 2-chloro4,dbis (ethylamino)-s- 

ttiazinc 
Triallate S-(2.3.3-trichloroally)dilsopropyl- 

thiocarbrmatc 
Trifluralin a.a.a-trifluoro-2.6-dinitro-NN- 

dipropyi-ptoluidinc 
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Behavior Assessment Model for Trace Organics in Soil: IV. Review of Experimental Evidence' 

w. A. JURY. W'. F. SPENCER. AND W. J .  FARMER: 

ABSTRACT 

Lxpmmmul evidence w g w  lk mriroclmut wnrd.l 
modelof Jup a d.41983) bmirrd.JUurrrl .  Fw& 
Irbwnory nrlio of *a(ruumck.. iddrl .IJ - 
matebed those used La mr model a d  Jambtiom rm rn la rll 
curr. load q m r r r t  was fomd b m m  p d k w d  a d  
rdrcilitu~oa ku& rltb 8nd w k h t  m r p a m l h #  rrur 
tiom. Whm f i i  demhb mf rllcb dffw ~ob8UUIy rm r r t P O d  

t o i d n l i a l r r p d m m t r l d i ~ b a .  c L c ~ ~  pnYLcrclUc 
rehtirc lou k k v i o r  ohwed. 

The convectbe d U l t y  pdkUom d t r  modti rm b 0 - m  am k 
consistent witb vrmi bbontor). *.din of colpou J m. .I 
k . 8  as tbr w8w flow nIe w u  rkr noagb ( c 0.01 c u r )  la arr 
rqmilibriurn k t w m  t l r  &E).r ud - 

l b c  M l l l i ~ t o a  and Qairk IorI#tty rodrl nrl Lm ow mmmm-  
I& of the roil diffuk. m l l i c k . t  w u  found to @in 8 a w l  p d k -  
tioa of t k  water crconmt & p m a  of cln eflmwe lllri.. a 
t f k h l  obrmrd in r d  adas. fk b b k k r r  af UI a q m . 8  
bornlar). byn pfdictcd from omr W r i t y  .urmCtk. w m  rlmr 
lo k coa*nmt with Ibr 8ppoml tbkk.ac irlemd from 
L.bon~ory a d  field mcrumccla of r.(.lNhlioli. 

Jury, W. A.. W. F. Spencer, and W. J. Farmer. 1984. Bchrvior 
ru#rmml model for IM or- m mil: IV. Review of experi- 
mental cv~dmcc. J. Envrron. Qd. 13:56&586. 

In a previous series of papers (Jury et al.. 1983, 1984a.b) 
we intraduced a model for screening large numben of 
chemicals for their relative volatility. mobility. and per- 
sistence in the soil environment. The model is intended 
to be used with standard conditions in an i d u l  soil en- 
vironment in order to asses the relative behavior of 
chemicals exposed to those identicai soii and environ- 
mental conditions. rather than to be used for simulation 
of a given transport process. The model is constructed 
so as to require only knowledge of the Henry's constant, 
K". organic C partition coefficient. K,, and degrada- 
tion half-life, for a given chemical, which would 

-. . enable an assessment of potential environmental risk to 
be made on large numbers of new chanial t  at the time 
of their development-provided that these benchmark 
propenla could be masured or estimated. 

The philosophy of the model, u explained in artier 
papers in this serta. is to group chemicals together into 
similar mobility. persistence. or volatility ategoria .  en- 
abling chemicals for which substantial in situ 
experimental information is available to s m e  as a 
representative for a luge number of chemicals that have 
been classified as s~mikr by the screening model. 

' Conlnbutron from Dcg. of Soil urd Enviton. ki.. Univ. ot Wi 
forntr. Rivasrde md USDAIARS. Rimudt. CA 9321. Rncind 14 
Au). 1983. 
. Profeuor of soil phys~a. Univ. of Califoma, Riwnide: Doil d- 

rnttn, USDA: m d  molaror of roil ratnec Univ. of Wfornir. 
R~:mrdc. rrr#rtlvtly. 
kc the Appndrx for r listin8 of Kicmifw am# of chanrrb urd 

In thu utldc. 

The purpose of this paper is to provide experimental 
verification of the model by comparing its output with 
data from the literature. The expcrimmtal evidence 
miewed in this paper to verify the model and its as- 
sumptions is of t h m  types. First, there are a limited 
number of laboratory studies conducted under condi- 
tions that closely match the ideal scenario represented in 
the model. For there cue, exact simulation is possible. 
Second. r limited number of experiments have been 
conducted in which groups of chemicals are simulune- 
ously studied under identical conditions. For there 
ares.  the screening model will produce a rank ordering 
of the chrmicrlt that a n  be compared with the experi- 
mental results. Third, there are a number of assump- 
tions in our Kmning model that have been tested ex- 
perimmtaliy and will also be discussed in this paper. 

VOLATIL1WllON STUDIES' 

In 1980, Jury a al. published the results of a Inbon- 
tory chamber experiment rnasuring volatilization of 
tridlate from two soils, a San Joaquin sandy loam 
(Abruptic. Dur ixd f s )  (1.2Q~ organic matter) and a 
Fluragan silt loam (Aquic Argiudollr) (5% organic 
matter). toeether with a s u m u f u l  model simulation of 
volatilization with and without water evaporation. The 
triallate model, which assumed zero concentration at 
the soil surface and infinite depth of incorporation of 
chemical, makes surface vohtiliution predictions th8t 
ore virtually identical to those of our screening model 
for a compound like tridlate with a large Henry's con- 
sunt,  KH, and high adsorption because volatilintion of 
such compounds is not restricted by the stagnant bound- 
ary layer (Jury et al.. 19840). 

In a similar chamber experiment. Spenm and CIiPth 
(1973) studied v o ~ t i o n  of dieldrin and lindane 
from Gila silt loam (Typic Tomfluvents) (0.6% organic 
matter). Figure I shows their experimmul results to- 
gether with the simulations of the screening model. The 
soil and chemical parunam used in the model crlcula- 
tion. given in Table 1, were taken from the article by 
Spenm and ClW. (l5V3). In these simulations, the 
boundary layer thickness, d. was estimated from the 
water evaporation rate, as ditcrrrzed in Jury a d. (1983) 
(see thcir Eq. [tll]), and the effective soil diffusion cocf- 
ficimt. DE, was ca lc~lued  using the Millington and 
Quirk model formulation, which is part of our Knming 
model (Jury et al., 1983) (see their Eq. [18]). No crlibrr- 
tions w m  made using the data. 

In a soil column vo lu i l i t i on  experkrnt. Yrng 
(1978) studied volatiiition and degradation of para- 
thion in two soils- a Panache clay loam (Typic Tor- 
rionhrnu) (0.9% organic matter) and a Hanford sandy 
loam (Typic Xaorthmts) (2.5Qm organic matter)--over 
a period. This compound. whicb defnda quite 
rapidly in roii, also hu a nl.tiwly low Hmry's constant 
and thus has a sadk vol.tiliulion flux than dieldrin 
or iindrnc u n d a  equinlcat conditions. As dircurrcd in 
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rdalilirrlton ,u,r, tdala kiu. 2-Mrourrd rulalitinlmn flu\- c.tnicrl l ine, trLm 

weer m d  Cliatb (1973) compared m~th pfvdmrd nu- t d i d  1 sat I Y ~ I  compmrcd * ~ l h  vrcd~ctrd flu\- twiid limb mbt 

lime asbtr~nd using lbc m i n e  madrl. 
uJnt the menu mcdtl. The * tnwr l  l i n e  wprrwnt the 
M m  six npl tcs~n.  

Jury er al. (1984a). a compound such as parathion 
ihouid have a noticeably ennanced volatilization flux in 
the presence of water evaporaiion. Figure 2 s l iors  the 
exper~mental results of Yang I 1978) together with the 
simulat~on of the screening model for conditions given 
in Table 1. 

Burkhard and Guth (1981) reponed results of a 24-h 
volatilization experiment for five different compounds 
of low Henry's constant on two different soils, a 
Collombc); sand (2.Zro o r ~ a n i c  matter) and a Les 
Evouettes silt loam (3.6Ce organic matter). Measured 
volatilization rates for rhese five compounds. subjected 
to identical conditions. differed by orders of magnitude. 
In the experiment. they maintained a saturated air at- 
mosphere above the volatilization chamber so  thai n o  
water evaporation occurred. and they exchanged the soil 
air above the soil surface only once every 36 s. so  that 
stagnant conditions prevailed. Our model represents 
stagnancy with a boundary layer above the soil surface, 
which in the absence of water evaporation must be esti- 
mated by calibration. Using the conditions specified in 
the experiment by Burkhard and Guth (given for 
diazinon in Table 1). we varied the thicknas. d, for our 
boundary layer for diazinon in the experiment on  

Collornbey sand until a reasonable agreement uas  
tained between measured and calculated volatiliza 
over the 24-h per~od. This occurred with d = 0 . 2  
This same boundary layer thickness was subseque 
used for all other chemicals and in both soils. Result 
the simulation and experimental measurements 
given in Table 2. It should be noted that the agrcen 
betweefi their measurements and our calculations is ( 
siderably better than the agreement they achieved u 
a simple partitioning model. 

Fanner ct al. (1972) measured volatilization of 
eldrin. lindane. and DDT over 7 d in shallow, 0.5 
trays. The volatilization fluxes were high becausc 
shallow incorporation. but the surface was exposed 
very slow air flow rate. which exchanged the chan 
air wery 30 s. The simulation was run for the condit 
given in Table 1 using a boundary layer thicknas of 
cm. which was obtained by calibration with the linc 
flux. t o  represent the stagnant surface. The r&orl 
liquid distribution coefficient. KO, of DDT was 
culatcd from the measured KD of dieldrin and their 
values given in Jury et PI. (1984b). Results of the si 
lation, expressed as a percent of applied chemical, 
shown in Table 3. 

Table l-E.p&moul cditioor uvd Is * r u b t b ~ .  
Chemml So11 TYP K H  Ko r.,t CToT L 8 T f d Ref. 

mvk# x 10' day *ma cm 'C cwdmy cm 
Dnldnn Gila S k b m  1.3 w lo-' 125 14 10 0.21 30 0.26 1 3  3r 
kad.nc C P  Silt bun 2.6 x 10- 2.2 266 14 10 0.23 30 0.13 1.2 W 
Panchion Pamehe C b v h  3.0 x 10- 4.0 10 36 13 0.16 20 0.3 1 .O 34 
Panthon Wad Sut4vb .m 3.0 x 10- 13.5 10 34 13 0.15 20 0.3 1.0 3 
Duunon Cdlombv S.ad 3.0 K lo-' 5.6 50 60 0.9 012 20 0 0.15 1 

Dwldnn Cannrrer SiltycLy 3.3 x 10" 250 14 I 0.3 20 0 0.5 3: 
Dwldnn Commacc Siltrchv 3.3 x lo-' 2gg 14 I 0.5 20 0 Ut 3! 
Dieldrin G l t  Sikbrm 1 . 3 ~ 1 0  125 868 1.5 0.S 0.1 30 0 1.5 
Lnd.m Gila S i lcbm 2.1 x 10" 21 2# 7.5 0.5 0.1 30 0 1.5 
D M  GilD Silt h m  4.2 x 10'' 2500 SU1 7.S 0 5  0.1 30 0 1.5 
thwhau - o o a  - - - - 25 - - 1c 
TnrlLu S.ll Joaquo S.advbrm 7.9 a 10' J1 - 121 10 0.a 25 0.60 0.4 15 

TCT0 = ~ r u l c o u l ~  
2 Lpur-c vapor-d 1 0 e m r u r b u n r u t q . I l D .  



lndimt Evidence 

Many studies reported in the literature either did not 
provide enough information for direct simulation or 
had conditions that differed from those of our model. 
In these cases. only qualitative comparisons wen made. 
In a comparative volatilization study, Kurney et d. 
(1964) examined the relative volatiliution of different s- 
triazine compounds. and found that the volatilization of 
atrazine > prome:ryne > simuine. This corresponds 
to the relative volatilization rank ordering of these three 
compounds based on our screening model (Jury et al.. 
1984b). 

Willis et al. (1972) conducted field experiments on 
dieldrin in saturated and .moist soil over a 150-d period 
on a Commerce silty clay loam soil (Aeric Fluvaquents). 
The moist plot was sprinkler-imgatcd to maintain soil- 
water potential between 0.33 and 1 bar. which we 
approximated as 60% of saturated water content. f he  
model predicted that 21.5 and 3.0070 of the dieldrin 
should have volatilized during the 150-d period. com- 
pared with I8 and 2Vo measured losses for the moist and 
flooded conditions. respectively. The KO of dieldrin was 
calculated from K, and the equivalent vapor thickness. 
d,.. of the water barrier of thickness dL was calculated 
from Eq. [I]. 

Diatm'd~  KnDY!d, or d, = KnDF d L / D y n ,  [I] 

where Dy" is the liquid diffusion coefficient in water 
and Der is the vapor diffusion coefficient in air. 

In a comparative study, Caro et al. (1976) examined 
volatilization of dieldrin and carbofuran under field and 
laboratory conditions. The dieldrin volatilization flux 
was found to continually decrease with time, whereas 
the carbofuran volatilization flux remained relatively 
constant. In one experiment. when no water was 
evaporatlnp. the volatilization of dieldrin greatly ex- 
ceeded that of carbofuran, whereas in the other experi- 
ment where the soil surface dried and water was evapor- 
ating, they had comparable volatilization rates. These 

Table 3-cumulative vdlmiiliutioa~iterf d e x p d  u l 
percent of initiallv incarponied cbemicsl. from cbe 

experiment of Fmnner ct aL I197a. 
Chem~ul  Sleaaurrd S i & d  

kndrne 63 68 
L)ieldnn 40 
DDT 

n 
9 7 

observations are consistent with the predicted behavior 
of a category I compound (dieldrin). and a category 111 
compound (carbofuran) under identical situat~ons as 
discussed in Jury ct al. ( 1984b). 

Cliath and S p e n m  (1971 1 studied persistence of field- 
applied dieldrin and lindane over a 2-yr period. They 
observed effective half-lives. including volatilization. of 
between 3 and 3 yr for dieldrin and between 240 and 300 
d for lindane. These figures are consistent with the per- 
sistence categories we defined for these two compounds 
in Jury et al. ( 1984b). 

Boondrn h s e r  Model 

An important feature of our screening model is the 
assumption that a stagnant air boundars laver exists 
above the soil surface through which organic chemical 
vapor and water vapor must move by molecular dif- 
fusion. The thickness of this boundary layer is a compii- 
u t ed  function of wind speed, fetch, and surface rough- 
ness. which we do  not attempt to model. Rather. we as- 
sume a constant thickness of the boundary Iayer. which 
is calculated from measured water evaporation ra tu  
and assuming an analogy between water vapor 
movement and pesticide vapor movement. Thus. as 
shown in Jury et rl. (1983). an evaporation rate of 2.5 
mm/d into an atmosphere of 50To relative humidity and 
a temperature of 2S.C implies a stagnant boundary 
Iayer thickness 01' approximately 5 mm. Since no direct 
measurements can be made of this boundary layer thick- 
ness, experimental tens of the model must be made in 
an indirm manner. 

In several labomtory and field studies. the vohtilin- 
tion flux. J v .  and the chemical vapor concentntion Cr 
at a height near the soil surface were measured for ex- 
periments w h m  pesticide had been applied at concm- 
tntions sufficient to saturate the soil vapor density or 
where the initial vapor concentration was known 
(Spenm & Cliath. 1973: Jury et al.. 1980: Glotfelty. 
1981 ). For these experiments. the boundary layer thick- 
ness, d ,  may be estimated by Eq. [2] 

where denotes saturation. provided that Cr is m a -  
sured above the boundary Iayer. 

Table 4 presents a summary of a number of different 
experiments conducted in the field and the labontory in 
which the boundary layer thickness. using Eq. 121. was 
calculated from fluxes measured immediately after a p  
plication. For several cues in the labontory. a water 
evaporation rate was also measured. which allowed us 
to calculate the boundary layer thickness directly using 
our model (see Eq. (28) of Jury ct ri.. 1983). As shown 
in Table 4, all of the boundary layer thicknesses cal- 
culated from the volatilization data are consistent with 
the thicitnases that we Use in our model. Funhemore. 
a cornlation was obtained betwm predicted boundary 
layer thickness (Eq. [2J) and the boundary layer thick- 
ness dcula!ed from measured water evaporation and 
water vapor density diffmnce. Since the boundary 
Iayer model is an i d d i t i o n ,  no better agreement than 
this could be expected. 

U1 J. Enviroa. Qud.. V d .  U. no. 4.1984 



Tabk 4-Boundary hvrr t b k k m  &btd from h h c o r y  mnd fkbd experiments. - --- - . ,----- - - .- . .- --- . -----__ . _ . 
Compa~w Expmmnt .i Strrruno Evapomuon ~ I E I *  nrt no C'ornmrnt- ------- - _ .. _ .---. -- -- .----- . - - . - - - - - -  -... _ _ .  , _ _, 

cm m d a y  Fm 

TrLlLw Lab 0.37 0.W 0.M 1 i 50? R d r u n  hunud~~y 
T r W w  l a b  0.21 0.60 0.26 I3 

.A\.., 0.21 

D i d n n  Lab 0.71 0.2s 1.2 30 50' ReLtl\r hurmdltv ---- 
t CrlcvLua from r a w  evapmtcon n i e .  

Effective Diffusion Coefficient 

Our model assumes equilibrium partitioning between 
liquid. vapor, and adsorbed phases and assumes that the 
variation in diffusion coefficient with water content or 
air content may be described by the model of Millington 
and Quirk ( 1961 as shown in Eq. (31. 

where a = volumetric air content; 8 = volumetric 
water content: o = porosity: RL = liquid partition co- 
efficient = Cr /CL .  where Cr = total concentration and 
CL = solution concentration. The liquid partition coef- 
ficient. RL.  is approximately equal to Q ~ K ~  + 8, where 

= soil bulk density (Jury et al.. 1983). 
There have been few measurements made of effective 

diffusion coefficients for organic compounds over large 
ranges of water content. One such study, however. is the 
experiment reported in Shearer et al. (1973) in which the 
effectrvc diffusion coefficient of lindane was measured 
over a range of water contents from near air d w  to 
saturation on Gila silt loam. The measured v ~ l u &  of 
lindane diffusion coefficient. together with the model 
calculation using Eq. 131. are shown in Fig. 3, using the 
appropriate p a n m n m  for lindane and Gila silt loam 
taken from their article (see Table 1). Also shown in Fig. 
3 are the measured and predicted diffusion coefficients 
for dimethoate as measured in the experiment of 
Graham-Bryce (1%9) for the parameters given in Table 
1.  The good agreement found for each of these cam- 
pounds of widely differing characteristia using the 
same model supports the use of the Millingron and 
Quirk model. Additional verification for this model was 
obtained by Farmer et al.. (1.9801, who found r good 
agreement between musured and calculated diffusion 
coefficients for hexachlorobenzene (HCB) over a luge 
range of soil air contents. 

i n  addition io the Millington-Quirk mahod of repre- 
senting tortuosity, our model assumes a common value 
for the air-gas diffusion coefficient. D r  = 4320 cma/d 
and liquid-water diffusion coefficient. D y  ' 0.431 
cmZ/d, for all organic chemicals in the intenncdirte 
molecular weight range. The justification for this as- . 
sumption was reviewed in Jury a 11. (1983) and was .Lso 

discussed in Letey and Farmer (1973). In our 191 
micle. we alluded to the common values found in tl 
numerous measurements of gas diffusion coefficient r 
ported in the article of Boynton and Bmttrin (1929) ar 
of liquid diffusion coefficient reponed in the arttcle I 

Bruins (1929). From these two sources. we calcuIat( 
the average values given above. 

It should be noted that the volatilization simulatio 
discussed above all use the Millington and Quirk form 
lation and the common parameter assumptions. Thc 
the good agreement found for the case discussed abo 
is additional verification of the effective diffusion cot 
ficient model. 

LEACHING STUDIES 

The leaching behavior of compounds in our sctccnir 
model is described with the same simple distribution c 
efficient model assumption used over the years by mn 
other authors [see reviews by Bailey & White (197C 
Karickhoff et al. (19711. Rao & Davidson (1980). Grcl 
n al. (1980)l. For example. ue  showed that the time r 
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,lulrtd io Icach 31: ad-ctrhed compound a p e n  distance 
under ~ o n ~ i n u o u ~  leai'hin_p proportional to the dh- 
.ribu~ion coefficient. A',, tJur> et 3!.. 1983). The distri- 
jutloll coeiiicienr model. which atsumti linear. q u i -  
Itbrium partitioning be t~een  rolution and adsorbed 
;hem:sal phases, has had estensi\e te>trng under labora- 
tary condition< with slo\t.Iy pacolating soluticm~. King 
and .lliC~rty (1966) ~btalned distribution coefficients 
by batch quiilbrium and then iondu;:ed extensive 
leaching tests on columns of 4. 15. and 90 cm. Using a 
roral of four soils and sis pestlc'ides. thcy obtained good 
agreement between predicted and measured effluent 
concentrations for a chromatography model (fot'!nally 
s~milar to our own, when degradation was taken into ac- 
count using a first-order rare constant. Our model 
would produce equivalent results to theirs when applied 
on the same data. 

Huggenberger et al. 1 1912. 1973) studied leaching of  
lindane. diuron. and atruine in three soils. They m u -  
sured distribution coefficient5 in separate experiments 
and then studied vertical infiltratton of pesticide at a 
constant water rate into dry soil. Although they had 
difficulty simulating the shape of the breakthrough 
curves. they achieved a good agreement between 
observed depth of leaching and predicted depth of 
leaching using the measured distribution coefficient. 
Our model would produce equivalent results on the 
same data. 

Weber and Whitacre (1982) conducted 30 d of leach- 
ing on bromacil. buthidmole. atrazine. prometone, and 
diuron and observed leaching distances that were in- 
versely proportional to t he organic C coefficient. K,. 
Swartzenbach and Westall (1981) conducted leaching 
studies on 11 polar organic compounds and found that 
leaching predicted by the batch equilibrium distribution 
coefficient agreed with the leaching behavior observed 
in the columns at low flow rates. They found that non- 
equilibrium effects began to appear at water velocities 
of 0.01 cmfs or greater. These rates greatly exceed 
typical velocities found in the field except under infiltra- 
tion conditions. 

McCaII et al. ( 19801 found an inverse relation between 
distance leached and orpnic C partition coefficients for 
nine different compounds. As we discussed in Jury et d. 
(1984a). our model predicts an inverse relation between 
leaching distance and distribution coefficient (or K,). 
uniess the compound is only slightly adsorbed. 

DISCUSSION 

Volatilization 

The experimental evidence reviewed above o f f m  
strong support for the volatilization pan of the screen- 
ing model. In cases where the experiments w m  con- 
ducted under similar conditions to those assumed in the 
model. a simulation produced good agreement with ob- 
servation. In cases where a number of compounds of 
widely differing properties w m  studied, the model prc- 
diaed a rank ordering that a g m d  with the observed 
order. Significantly, all compounds nudied behaved in 
a manner consistent with the volatilization category pre- 
dictions made in our euiier paper (Jury et al., 1984.). in 
which we grouped large numbers of compounds 

uepcndlno on \\haher the Henry'$ constanl A'" \\a. .I- 
nificanr ly greater Icategor! 1) or less liatcgory 1 l l )  thac 
A'" z 10". For example. parathion tcattyory 11)  i r r  
Fig. 2 ~n:reascs its volatiliutlon rate with tlme \\hen 
evaporation i \  occurring. but dieldrin and iindane (carr. 
gory 1) in Fig. 1.decrrasc with time. 

The iield ,tudics revlewed aborc offer indirect 
<upport for the vulatiliution calcuiat~onc made in our 
model. In the experiments of  Glottr.lry (1981). tllc 
apparent thickness of the boundary layer inferred from 
using Eq. [2] with the field measurement5 was tonsistcnt 
with the th~cknas  calculated from an analogy vith 
water evaporation fluxes to  the atmosphere. 
Furthermore. the boundrw layer thickness appeared to 
decrease as windspeed increased (Table 4). Since-as 
shown in ,Maycr et al. (1974kthe thickness assumed for 
the boundary layer has a critical intluence on nlodel cal- 
culations, the direct and indirect evidence given in Table 
4 to support our method of selecting this thickness is en- 
couraging. 

The volatilization flux is strongly influenced by the 
effective diffusion coefficient. which for the Millington 
and Quirk (1961) model used in our c d ~ l a t i o n s  is a 
nonlinear function of air or water content. Although 
this model is empirical. the evidence presented here (Fig. 
3 and Farmer n 11.. 1980) supports its use in homogene- 
ous laboratory soil systems when hydrodynamic 
dispersion js small. In addition, recent evidence (Sallam 
et al.. 1984) suggests that the ~lillington and Quirk 
tnodel may be useful for representing vapor diffusion. 
even at extremely low air contents. 

There are influences on volatilization that are not 
taken into account in our model. When the soil surface 
layer dries out sufficiently, adsorption of chemical to 
the mineral or orpnic  surfaces increases significantly 
and volatilization rates decrease (Spencer et al.. 1969). 
However, there is experimental evidence, both in the 
laboratory (Spencer et al.. 1369) and in the field (Harper 
et al., 1976). that this increased adsorption over a 
wetting and drying cycle is similar to what would have 
occurred if the soil had not dried. 

The experimental studies of Burkhard and Guth 
(1981) (Table 2) are significant in that they are among 
the few volatiliution experiments conducted on 
category 111 (small KH I@') compoun&, which we 
predicted to have campAc@y different propenla than 
category I (KH 10';) compounds (Jury et al., 1984a). 
There was reasonably good agrerment obtained between 
our model calculations and their measurements, 
especially considering that the range of volatilization 
rates was over two o r d m  of magnitude. We would 
recommend further study of compounds in this category 
because our model predicts that under m a i n  condi- 
tions (high water evaporation, higb concenv~tions) they 
would volatilize significantly (Jury et al.. 1984a). 

The leaching behavior of adsorbed compounds is rea- 
sonably vie11 described by the linear, quiiibrium ad- 
sorption model used in our calculations for compounds 
tested in homogeneous laboratory columns at low flow 
ma. The studies reviewed here all fall into that a t e -  



gory. Since our made1 is based on the same assumptions 
as other earlier work on mobility, the general mobility 
criteria used by McCaII et rl. (1980) and o t h m  are 
equivalent to our own. The use of a distribution cocf- 
ficimt does have limitations. however. which are re- 
viewed in Mingelgrin 8nd Cent1 (1983). 

Little quantitative information is available about 
leaching of adsorbed chemicals under fieid conditions. 
w h m  soil nnrnure may result in incomplete e tposun  
of adsorbing surfaces to  the chemical in solution during 
transport. 11 is hoped that the mfative mobility of differ- 
ent compounds under field conditions witill be similar to  
that predicted from laboratory studies. This would 
allow field calibrations to  bc run on a few rrpraenutive 
chemicals from each group rather than on all com- 
pounds. 

SUMMARY ASD CONCLUSIONS 
The screening model developed in Jury a al. (1983, 

1984a.b) has been tested on published experimenul dur 
on volatilituion. leaching, and penirtencc w h a c  com- 
parisons could be made. The reasonable alpmrnmt 
found in these comparisons o f f m  encouragement for 
the use of the model to  classify and group chernialr into 
similar loss pathway categories. 

We firmly believe that in situ urpcriments offer the 
only reliable method for determining the loss W h w a w  
of a chemical, particularly under field conditions. How- 
ever, the expense and time required for such utperi- 
menu. and the k t e  number of chemicals in need of 
testing, make it likely that models will p k y  a s i d f i a n t  
role in such ascssmcnu. Our series of papar h u  devel- 
oped a number of relationships between the benchmark 
properties of a chemical and i u  relative surnptibiiity to 
lou. which should be extensively tested in situ prior to  
use of the model. The evidence off& above in support 
of the model's predictions is the fim step in this testing. 

APPENDIX 
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amino)-s-triaziae 
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3.54 I, l-dimtthylnhylbl ,3 ,CthhdkoI-  

2yl- l hydroxy- 1-methyl-1 -imiduo- 
lidinone 

2.3-dihydro-2.2-dimnhyL-7-bent* 
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Dimethoate 0.0-Dimethyl S-l.V-methylcaroamo~ 
methyl) Vhosphorodirh~oare 
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Mahidathion 0. O-dimcthyl phosphorodithioate. 5 

c r t a  with 44metaptomethyl)-2- 
mnhoxy J:-1.3.4-thiadiuolin-5s 

M n o k h l o r  2-ehloro-N-(2-ethyl~methylphmyl) 
(2-methoxy- 1 -methylethyl) acetaa 

P m t h i o n  . 0.0-diethvl 0-(pnitrophenyl) phos. 
phorodithioate 

Promaone f.4-b~~isopropyl.mino)-6-mnhoxy- 
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Promaryne 2.Cbb(isopropylunino)~6-methylthr 
tr iutne 
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APPENDIX C 

BOX MODEL INPUT PARAMETERS AND RESULTS 



The box model is based on a mass balana expression that assumes that the soil-gas flux is 
instantly mixed with the air flowing through a thearttical box. The quation(s) used to 
demmhc exposure point air c o n c c n ~ n s  f a  two scenarios (residential and occupational) 
are presented below. The attachments following this appendix provide the spreadsheets 
used to calculate the air concentraricms. 

Calculation of Exposure Point Air Concentrations 

Thc following assumptions and equation wae uscd to calnrlatc vapor amcmmahns: 

Emitring Ana s 1.44 x 10s d 
Area of site = 1.9589 x 10a ftz (calculated frclm map) 
Cross-section Length = sq. root of 1.9591 x I@ ftz - 4.426 x 102 ft (0.3048 d l  

ft) = 134.9 m 
-on: 

C, = Totalairconcenuation(m~) 
F = Enrissian cahtsd by Jury BAM rmdel (mglcm~sec) 
Cr = Ccmsuvativc wind speed (2 mlscc; a calm wind speed) 
h = Height of exposure box (2 m - bacathing zonc) 
A = Emitting arta of the site ( c d )  
w = Width of cxposm box (m) 

Accp~nt Air 

6 = (FxA)/(lrx h x  w) 

ci, = Tatalaircmccnuation(m,gim3) 
F = Emission rate estimated by J r ~ y  BAM ( 225 x 108 mg/Cmrscc) 
P = Consmative wind speed (2 misac) 
h = Height of exposure box (2 m - brtadring zont) 
A = Emitting area of the site (1.44 x 10s cm2) 
w = W i d t h o f ~ u r c b o x ( 1 3 4 . 9 0 m )  

The following attachments provide the calculations fur the exposure paint concentrations 
usui in this assessmnt to estimate chronic n o n ~ g c n i c  and cmhogenic health effects. 



BOX MODEL RESULTS USING EMISSION RATES FROM THE JURY 
BEHAVIOR ASSESSMENT MODEL 



Mckuson Santa Fe Sprlng  Box Model lor Jury BAM 36ycrr and 43-year Emission Rates: 

Acetone 2.25E-08 1.448+08 2 2 134.90 6.00E-03 
I. I -DCA 
I ,2-DCA 
1.1-DCE 
1.2-Dce 
2 - B u ~  (MEK) 
Methylm Chloride 
Temhlomthene  
TTichtoroahcne 
Toluene 
I,l.I-TCA 
Xylares 

1.1-DCA 
1.2-DCA 
1.1-Dce 
1.2-DCE 
2-e~- (MEK) 
Methylme Chloride 
T e u a c h l o m e ~  
Tlichl- 
Toluene 
1.1.1-TIIA 
Xylenes 
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DOSE CALCULATIONS AND HEALTH RISK E!5TIMATES 
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